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FOREWORD

This Technical Documentary Report on Definitive Contract AF04(695)-
113 has been prepared in accordance with Exhibit "A" of that contract

I and Paragraph 4.2.2 of AFBM Exhibit 58-1, "Contractor Reports Exhibit,"

dated 1 October 1959, as revised and amended.

This report was prepared by Philco Western Development Laboratories
in fulfilling the requirements of Paragraph 1.2.1.2 of AFSSD Exhibit

61-27A, "Satellite Control Subsystem Work Statement," dated 15 Februaryg 1962, as revised and amended.
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Ii SUMMARY

II Summaries of the various sections of this report are given in the

following paragraphs:

Characteristics of Typical EquipmentIIn this section, the operational characteristics of equipment de-

:signed to transmit data through a single voice channel are summarized.

IThe additional equipment necessary to transmit a number of voice chan-
nels of data over radio networks is not considered. Ten different

equipment models are reviewed. Some of the characteristics that are

Ii summarized include: type of modulation, requirements placed on trans-

mission medium, transmission rates, equalization provided, size, weight,

Ii prime power requirement, etc. The summary is in chart form.

Ii Characteristics of Transmission Media

The typical characteristics of the media through which data isPi transmitted are considered in this section. Some of the media that

are considered include: wire lines, HF radio, microwave line-of-sight,

and the various scatter propagation techniques. Since the character-

istics of these media are usually expressed in different terms, a chart
approach was not feasible; instead, each of the media are discussed

briefly. This section is important since the requirements of some of
the equipment summarized in the preceding section may be incompatible

with the characteristics of certain of the media.

Vi Comparative Evaluation of Performance
The selection of one type of equipment out of the various types

available is a complicated procedure in which the specific requirements

of the customer play a key role. In this section, the various types of

equipment are rated in terms of maximum data transmission rate, relia-

bility) error rate, and availability. These criteria can then be

weighted in order to compare the overall performance with the customer's

L needs. An example of this type of approach is given.

P Hl C O WESTERN DEVELOPMENT LABORATORIES
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Improvement through Coding

When the allowable error rate is very small, coding is essential.
In this section, error detection and error correction for both white

noise and burst error interference are considered. It is concluded that

I ilong word length codes (100-500 bits) with error detection is the most
promising technique, but that a feedback path is required.ii

ii

t -

I J,

i

ii

!
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SECTION 1

IINTRODUCTION

1.1 GENERAL

This report consists of a summary of the capabilities of data

transmission systems used between ground stations. Since this is a

summary, most of the information was obtained through a search of the

existing literature. in order to present this information in a con-

j cise form that can be used by the systems engineer, wherever possible

the results are presented in a large chart so that a quick comparison

of systems can be made.

I
I
I

L
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SECTION 2

IDIGITAL DATA TRANSMISSION EQUIPMENT
2.1 GENERAL

iThe characteristic and specifications of ten data transmission

systems are surarized in Table 2-1. This table is arranged to provide

easy comparison of particular characteristics or specifications. The

categories are self-explanatory. Only systems designed to operate

II from conventional voice channels (about 300 to 3000 cps) have been

considered.

iThe data used have been taken only from manufacturer's literature

and from other reports (as referenced), so there are some gaps in

the table, and some of the data may have been revised by the time the

information in this table is used.

The systems shown in the table are designed for transmissionLover wire lines, although most of the systems can also be used over
radio links with addition of suitable radio equipment. For example,

Lenkurt supplies a second "Duobinary" system, the HF2X, for use over

radio links. It is similar to the 26B, but it accepts, or converts,

.serial data into 16 parallel channels for transmission. Diversity

reception is used to increase communication reliability.

,i

[
f
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TABLE 2-Ii IGITAL D

RIICO LENKURT RODERTSHAW4ULTON 5il SP EEDIBINARYADATA TRANS -
- -SESWT 24 B AATA MODEM "DUOBIMARY-DAT-ATEL 26 B DATA T iS- CEIVER MODEL S.C-301

M ISSION SYSTE M T"I S TMRTANSt -ITheory of Operation (Modulation Two-level Vestigial sideband PM system using three-laneS Uses on-syncbronous phase- Vestigial sideband AM and& Domaulation) AM system with its carrier at 2500 pulses. Tb. 3-level pulses are shift keying and coherent detection. envelope detection. using 3-lev. 1 f~cps and utilizing the lower side- obtained from the original binary The intfoation io contained in the pulses. I7band. Receiver uses amplitude date through the Duobinary coding amunt of svbcarrisr phase shift.
detection, followed by synchronous process. The coded signal Occupies An extra phase position is requiredre
sampling and regeneratido of tho only half the bandwidth of the teLminat amioiis :,o 2 pr
receved aai ohtm o original binary signal, and permits ph.:e poiions~ are reuie for

amplitude. error detection without redundancy. simplex, operation and 5 positions
for diplex operation. Frequency-

d ivision multiplexng can be used.with each channel (subcarrier)
operating at 75 bauds (simplox)
or 150 bauds (diplec), or a single
high-speed channel can be used.

Operational Modes Pull duplex-4 wire; or half This is for wire cumomniation Non-synchronoos (simplex)
duplex with manual or automatic appliastions. HF2X is available for operation at half-chonnel apa~ity. o~
control on tramit-recetve on 2 NP radio or 0.6cr mdia applicationa, synchronous (diplex) at full hsgj
wire basis. "Sepath" is available channel sepacity. Ale:,for liP radio or other media appli- timl
ea tione. (to:

Transmission Media Requirements "Voice grade" wire comnic&- Frequency response: with Standard telephone facilties.
tion facilities: Attenuation: equslizers, 900-2300 cps, + 3 db;
3 db down at 900 cps.6 db downert 400-2700 cps, +±6db; without aqlua-
:600 cps; 3 dh down at 2300 cps. 6 lization, 900-2500 cps, + I db.
db down at 2500 cpa (2200 cps Envelope delay: with equalizers,
carrier). Delay: 1 m or less at within 1 ma, from 800-2350 cps, and
800 cps, I ma or less at 2350 cps. within 1.7 mes from 600-2700 cps;

-2 ma or less at 2700 cps with without equalization, within 0.3 e
respect to 1500 to 1700 cpa minimum from 900-2500 cps. Lim impedance
delay frequency. 600 ohs nominal at 1000 cps. Line

S/1 (res ignal power-co-es white
noise power) ratio for hit error
rate of I A 10-5: 16 dh1 at 2400 bps.

-~go 10 db At 1d~ 200 ps.
Transmission Rates Serial: 600, 1200. 2400 baud 600. 12470, or 24,00 bps synchro- Max- 1500 bps nun-syochrooous. 2430 ± 0 bps, serial synchronous

with internal clock (others avail- ous, or up to 1200 bps .sy::hronous. 3000 bps synchronous. (With 20 transmission. Other rates can be Seasable, special); 500-2500 baud with Serial transmission .simplex and 40 diplex channels, used b, substituting plug-in upIexternal cloth. parallel transmission.) components, ams

Site, Weight 8-3/4'1 high. 241 deep, in For I diplen modem, and power Approx: Transmitter - 10' Cabinet: 11-1 '2" high, 21-1,2"
standard 19" rack; 11.7 lbs. supply: standard 19" wide. 15-31i' Ifo2ifa lOL; receiver - 6"Hx2lWxlOIL wide 18-112' deep. Rack mounting deep

high, 13-1,2' deep. (two input* each). Cabinet with 20 available. 50 lb. with power supply
non-synchroou (40 snf) channels aoc cabinet.
and power ocyply - 2*.x2l'

6
0' high.

- +0 -1.;t 'C, so t- fil 'ps 117V AC +10% at 60 ups
120W A C t 10% at. 45-65 cps, transmitter 20 ""ta 30 wstts if used with emternil

-Prima rv input Requirements 115 watts in re:e ver 20 I~taLpose supply (+12V nod -12V' W.m.) 20
Delay equalizer nat include ?.aeE~uol motion Envelops delay nd amplitude EqualItasra available as mdular on0

equalizers Included. plug-in components (amplitude and amp;
phase). It.,

Oa Input -Ind Level +5 to + 500 mark. -30 to +1/2W Binary signal amplitude ELA usn&.Lax mpu see ( 5i. Z
on a rs t im) or plar mrlspace,. digital information or the standard ±3 to :20 volts (other (ete poaiybtee 1W o (hitrac, otins vaiabl).+t2V1 binary input. ?Lax. spacing wril

zarion signals required. mart

Ouput Lmevael Greater than 5000 ohm. Appr eem tely 5000 ohms. 10 0 h m t o 50 o dl ati n) - 1

Oupt0 ee -20 to + 3 db.. -24 to +6 dlsc, adjustable, to + 10 db.. btue 5%mdlto)

Output Impedance 600 ohms. 600 ohnms (balanced). 600 has. 600 - ohmas bal-sot::. -16046 h

termv ritios IOdb boveandin twoorins;es.
2db :elow adjusted level.

- Input Impedance 600 os, balanced V ~= bl.-
Output Level +3V mark, OW space +10 velts (other options available. 2"nrk impulse output; approx. -~Si30us rise tim, 24 ap width atibase, 1l volt4 positive going Wih1-.l1volts am referencel.

-Output Impedance 600 nonms 3000 oluns (ether options available) 820 obms.

Carder F.equences 2500 or 2200 ups for 24 or 1100 in 2300 ups. 2750 +100 CPS.1200 bps (lower 03 tramsmission);
2200 or 1600 ups for 600 bps
(double SS transmission).

clonck Input Level: mionmun SV posh-to-posh Square wave, positive going
squ re wave (500 to 2500 cps); edge coincide with bit transitions,
ir:daecoi greeter then 5000 ohms, at data hit rate. Amplitude + 3 to

t 20 volts; impeance apprex. 5000
ohms (ether options available).

Clock Output Level: 5W peek-tn-peek squere Square wave at date hit ra te, PPr t at4 uss;I
wave At bit rate: Impedance: psitive going edges cnotcide with Live going, with -11600 obhe, bit transitions. + to volts into erence, 50 us am:x j

3000 s onner (ether ooptions ava il- 

0 mp4dence.r
abe). A- Iba ae

Sak niaronecelver synchronized to trees- -Clock- synchronize
-ft clock. IS secolnds can, i between 2350 and 1244-

Emyiroementel Cooditime Aadbient tommatre 0 0 C,., to sec.____ Tnp_rang



TABLE 2 -I DIGITAL DATA TRANSMISSION EQUIPMENT CHARACTERISTICS

'TR151 C6RLSf O0 AT&T IIALLICRAFTERS MIT LINCOL LABORATORY AT&T (BELL)
llOURlTBlAW-FUL04 dil SH E fd ,P DATA TRANS-

26 B DATA TRANS. dIEZR MODEL. S-C-301 "DATA PHONE" DIGITAL SUBSET CTDS-2400/K2C .COBV DATA TRANSMISSIONS MODEI AI (DDT AND DDR)

threa-level Uses non-synithronous phase- ~ Vestigial aidobsd AM and P5K system, available on lease Uses code translation (5 bits- A more recent and Improved Vestigial sidebandi 3
pulses are shift keying and coherent detection. envelope detection. using 3-level from commercial telephone companies no.9 bits) and differentially co- version of the CTDS, osing 4 bit*. system using envelope dot

L ii binar The Information is contained in the ple.Binary data is accepted at various herent phase-reversal modulation to-5 bit code translation. Available an lease from c'Yrates, and is regenerated in the techniques, together with synch- telephone comnpanies.sinar cWing amount of subcarrier phase shft receiver. No synchronization is rontus detection. The code trans-
Le fte t lmnt isuce.signal ccupies An extra phase position is required provided. lation provides error detection,

11, *And permits phase positions are required for namnsorevrigtig
,u t redundancy. simplest operation and 5posicions from the received signal. Designed

for diplec operation. Frequency- by Lincoln Laboratory.
division mltiplexing can be used,
with each channel (subcarnier)
operating at 75 baud. (simplex)
or 150 baud. (diplex), or a single
high~apaed channel can he used.

coenizat ion Non-synchronous (simplex) Two-wire dial-up service. for Simplex or duplex operation. Four-wire circuits between
5 vial o prto thl-hna apa~itY. use with switched plant on a toll Simplex operation possible while user terminals.

&avpialeiors opecrtio at haleonatfl hasis-alternate 2-wey operation, still retaining a 2-woy test end

channel capacity. Also, 4-wire leased facility opera- monitoring capability. Capable of
ILon possible. Modes: L-telecype transmitting multiplexed outputs
(to 100 wpm);, 2-low speed, to 180 of 20 to 40 teletypewriters on a
bps; 3-high speed, to about 1000 single Communication Channel.
bps.

0e: with Standard telephone faclities. Feunyrsos:80
ope.+ 3dh:2400 cpa. ±2 db. Envelope delay:wichot 3qua- 800-2400 cps, total difference inwihu I db. delay be tween any two frequenciesa +Iner. shall cot exceed '500 iicroosconda2350 cpes, d Net loss: the 1000 cps not lose2350 cpad of the circuit shall be notwithin c0.3 o greater than 20 db not less thaniehimpedance 10 db. Circuits designed to worb200 ipedaLne into terminal impedances of 600)0 cp.Ln ohm resistiva. balanced above

rbit errorgrnd
db at 2600 bpi,

)0 bps syncbro- Mas: 1500 bps non-synchronous. 2400 + 50 bps. serial synchronous Stax. about 1200 bps over 1200 end 2400 bps, serial 1200 bps (at a 1500 baud M~ax 1600 bps. serial
a .,synchronou. 3000 bps synchronous. (With 20 trapesSion. other rates can be leased tline and 600 bps over dial- transmission, rate). Serial transmission. m.issilon.

simplext and 40 diplex channels. ased b, substituting plug-in up toll service. Serial trans-
parallel tranamission.) components, mission.

m. and power Approx: Transmitter 10", Cabinet: 11-1'2' high. 21-1/2" 10-1/2" high. 19"1 wide. 12" 5-1/4" high x 19" wide m 21y' 6 cransmitters and 6 rd
wide, 15-3/4" Hx2"Wx l0"L; receiver - 6"14x"W4lO'L wide 18-12' deep. Rach mounting deep. 50 lbs. deep Inam.) in oae 19" a 6' open rack.

(two inputs ouch). Cabinet with 20 available. 50 lb. with power supply
non-synchylsnous (410 sync) channels an,: cabinet.
and power oupply - 2'2-xa6'~ high.

0 Nn c. ps 117V AC +10% at 60 cps 1154 44 +101. 45 to 65 cps
30 watts if used with external ) 125 V AC at 60 ps 50 wts lone.)
power supply (+12V sad .12V' n. 20 .aLtS

Delay equalizer not includer r equired or rates over 70cpa o LOcLuse
as nodular on private line channels. Plu..in

nplitnds, and amplitude equilizer available. and
arondord 200-type delay equslixec

ecuk ar puos )105su. on, . orspr~a 04 u owe noes vs sp

+12V') binary Input. M'ax. spacing writer). High-speed mode- 0 volt 1200 cpa dipules indicate merb.
period is 16 bits. .1o synchroni- macb, -12 welt space or +6 volt on signal indicates a space.
zation signals required. macb,.-6 volt space.

1. 0.000 ohm lo.) - 2200 oha. 10.000 ohm In-m.) -600 oA.6,

0 dbomant. (50 mdulation). __-6 to 0 dbm. -15- to +5 dent in- 2 db tepi. 0 dhm (0.18 volts rme into 60-
ble. to + 10 di.. ohmm resistive) adjustable -20 to

+6 d..

600 ohm. 600 ohm bne. 600 ohoe. 600 ohme, balanced or nbi-W '600 ohms. '
lanced.

e. S hort 36 to -14. dbn and -16 to '+6 dbm -35 to +3 dbo.- '-15 Ak" nominal C-2'db- no - 5db)
abhove and in tars r~n~eg.
evil.

- 6000ms.-blaniced- --- -600 oina."bnlanced orunbalanced. 0

as available. 'ark Impulse output: approx. Sm astransmitter Input. Same .e transmitter inpu-t._ Saiiiastrsuaticter Asto inpdt.__
20 us rise tie, 24 on width at
bass, 11 volta positive going with

I-Il volts as reference. -
,a .- liable) 820 ohm. 800 ohmts. 150 Ohm- loom.) 600 ohms.

2750 +100 cps. 1100 to 2100 cps. 1500 cpa.

.ing Transmitter accepts 1200 cps

transitions, sine wove.
Ltaude +' 3 to
apox. 5000
[table).

Apro. .4 u ~s.tie;l~n --Level'- smen-a transmitter data aeceiver provides 1200 ep sims
rete. pulstie wid th -bs:It volts p et- input level. Impedance; 150 oboe wave (recovered from 1800 phlase

'Its lnto erence; 50'ns max. jitter, 020 ohme (nom.). Changes).
aveil- impedance.

ttace aloc ycrnnainitmetic -lot provided by subset. Timing coherentl 7 0 nerxted Sync bit*s may scour at multiplesac tn ewen250ad 100ps.fanmstrclth(ecvre ro f vryfawdtabts imn
it tendafte for receiver), recovered from datk.

to 50
0
C. Temp. range.. 50-lD00F.----
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ISALLICRAFTEP.S MIT LINCOIl LABORATORY AT&T (BE1LL) COLLINS COLLISS

TM. SUNSET CTDS-2400/)52C "OB" DATA TRANSMSISSION HODES A-1 (DDT AMD DOR) "tKISEPLEXt" hl4/GCS-4 "KS1SEPLEX" TE-210D-2

ilablo on lease Uses code traoslation (5 hits- A nave recent sold improved Vestigial sideband 3 level AM Diffareotially coherent, aulti- Differentially coherent, aool-
phone companies to-9 hits) and differentially co- version of the CTDS, using 4 bit- System using envelope detection. pIs level ohase-shift-keyed system, tiple level phase-shIft-cayed
ted at various herent phitaewroversal modulation to-S bit code translation. Available on lease from commercial ising frequency multiplexed channels systan. using frequency Oultiplexed
rated in the techniques, together with synch- telephone companies. Csubarriers). Each phase position channels (euboarriers). Each phase
onication is ronous detection. The code trans- arrias 3 bits of information, an position carries 2 bits of infor-

lation provides error detection, :each eubcarrier handles 3 synchrnn aation, so each subcarrier handles
and a means of recovering timing channels. Resonators and synchronou 2 synchronous channels. Resonators
from the received signal. Designed sOplI ,OR are usod to provide the and synchronous sampling are used
by Lincoln Laborat ory . differentiall coherent phase to provide the differentially

toeferences for detection (predicted coherent phase references for
wave deteciion; kinmeatic filter- detection (predicted wave detection;
ing). kinenatic filtering).

1p service, for Simplex or duplex operation. Four-wire circuits between Serial or parallel foil duplex. Serial or parallel full duplex.
lant Oct a toll ni*plex operation possible while user terminals. continuous, unattended, at trens. continuous. unattended. at 600.
sy operation, still retaining a 2-way test and mission rates below. 1200, or 2400 bps rates.
facillty operaw monitoring capability. Capable of

en: 1-teletype transmitting multiplexed outputs
speed, to I80 of 20 to 40 teletypewriters on a

to about 1000 single communication channel.

Frequency response: 800- Line requirements (for men data Telephone facilities having the
2400 op. +2 dh. Envelope delay: rates).: Freq. response, ±3 db. 900- characteristics specified under FC
800-2400 cot. total difference in 3200 cps; + 6 db. 550 to 3$50 cpa; Tariff 237. Schedule 4A, mintained
delay between any two frequencies differentil delay, ±1 as max. $00- ti accordance with standard ias-
shall not exceed 500 microseconds 3300 cps. +1.4 as max. 550-3550 cpi; phone system Practices.
N~e loss: the 1000 cps net loss short term net lose variations ±5 db
of the circuit shall be not max. net loss-long term. 20 db;
gresar than 20 db nor lees than impedance-OO or 1135 ohms now, at
10 db. Circuits designed to worch 1000 cps; impulse noise tbreshold-12

into teibinal impedances of 600 db below rms level of composite
ohma reistive, balanced above signal; freq. error, ± 2.5 cps;
ground. broadband (Gaussian) noise - 28 db

below ra level of composite signal.
measured in 3 khc bend.

)0bp, ar12O nd240 ps sril 20 bs ata 50 hnd Milx 1600 bps, serial trans- Max 18 channels, each 300 bps. 2, 4. or 8 synchronous parallel
30 bps, over 1200- arnmsind 2400) bpsraS20ea (tran1500sbond miseion. Rates - 600, 1200, 2400, 3600, 4800. -300 bps binary channels; or single

Serial trans- o540bps (frsynchronous serial synchronous binary channel at 600,
or parallel digital date tram,- 1200, or 2400 bpi.
mission).

19" wide, 12' 5-1/4"1 high x 19'* wide x 2b" 6 transmi tters and 6 receivers 4 drawers, ach in cot* 19" 2 drawers mounted in cabinet
deep (nom.) in one 19"1 a 61 open rack. wide x 8-3/4" high a 27" deep. 19" wide. 22-3/4" high. end 28-3/4"

Cabinet or rack moant, deep, free standing or rack mounted.
120 lbs.

l15V WC +10'1_ 45 to 65 cps 1200 AC +107., 60 cps +107. 12SV AC +10%. 47 to 450 cps,
50 -atts (non.) single phase.sigepa.

350 watts max. singl w asem.

is over 75F cps 4.t included. Photo deay compensator included Paedela t .onsacor nlued
ianels. Plu;-ininld.
e- availabl, ad
delay equalizer

a. angm o n evos ae -0 o s-mot.0. vo'ts peak- Synchronou s ingle channel aerial Serial: single channel synobro-
ersee ods alt. Imm) Ote pin wi. t~~ ~dm . Ajs l ovr(0.10. 2400. 3600, 4800. or nous at 600, 1200 or 2400 bps. -1 towith teletype- bl.rane I1t 5 volt peak-t-peak. . 560 0 s,uo ,4 ,1.1.o 02 otfrbnr eo n

&ed mode- 0 volt 1200 cps dipulses indicate mark. 15400 bps prale a, 4. r us a2 6 r .5vl for binary o ne.
orc . +6 volt ma sigoal indicates a space. 1830bp aale n 9rau +3.6 to -+6.0 voltsfrbny m7aechannels. 3 switch so acted ovals Parallel: 2. 4, or 8 parallelc.available - negative, polar. and 300 bps synch, channels. -4.0 to

positive. .6.5 volts for binary zero and
+1 to -1 volt for binary one.

10,oofmi (m. 60 hs. -5000 slime nsa. , serial input. - 500N) ohms mom., aerial input.
100 0 o m no .2 - -tp ._ _ O d a (0 7 c a r m i t 600oh . 10 000 ohm s mm., parallel input. 10.000 ohms am ., parallel input.

ohms resistive) adjustable -20 to -20 to +6 dbm (variable). -20 to +4 dba (variable).
+6 dbm.

S_600'ohimsC;balonced or unba- 600 ohm.- --------- 600 ohms or 1135 ohms at 1000 cps 60 slime +20%, 900 to 2300 cps.
listed.60

- --35is 3 bo.--------------f booima (-25db o *~)-20 to 0 dbm (variable). -35 to +5 dbm (variable).-

600- ohom, balaced or -Unbalanced. 600 ohms. - - 60 or 1135 ohms at 1000-cps. 900 ohas 9.2G. 900 cmt 2300' epa.

er nat s asm tranamitter input.-- sane an trenemitter _da1a input.
Same as input data. Similar to data input.

1-50 ohms _(sa.) 800 ohms160. 600 ohm a-- 60 h "

1500 cps. 935. 1375, 101. 2255. 2695. and 935. 1375, 1815 and 2255 cps
3135 cps, depending on transmito eedigo rnatso ae
rate.

Trnmte acet 120-p Bipolar square 'eaves,73.2to -co - Bipolar squar. e s,29
Trsomiter ccete 200epe.5 volts peak-to-peek at the data 6.8 volta peb-to-peak at the data

atne wave. ratel 500 ohQs now. impedance rate; 5000 ohms non. Impedance.
External clock (optional) input External clock (optional) inra
rate 100 hc. 100 kc, S rdq. stability lID

0
O per

day, or greeter, 5V rom msi..

Level- sa as tranemitter data Receiver provides 1200 cps sine Sae as input, but 600 ohms a%. Bipelar square weaves.,. t .
input level. Impedance; 150 ohms wae (recovered from 180 pbase Impedance. "Its peak-co-peek at data mete,
(ams.). changes). 800 ohms impedance men.

7usa*st. ' -Timing coherently ,efternted
fri ,nouster clock (recovered fron Sync hits may occur at ultiples
encoded date f., rateiver). of every fouar dita bits. Timin,:

re cov ered from dfla.



top no~ycrog 4 yc hoee CdCb t.

and power supply -21rx'sIxs60 high.

l~4 1 'i C, iii rn liii ips II IV AC +10% at 60 cps
120V AC + 10% ar. 45-65 cps, trAniMitter 20wat watts if used with external

Primary Input Requirements 115 watt; tmninus receiver 20 watts power supply (+12V and _Il2V nom.)

Delay equelizerM not nc a
ti~unlizatlon Envelope delay And Amplitude Equalizers available as modular

equalizer& Included. plug-in components (amplitude and
phase).

Data Input And Level +5 to + 50w mark, -30 to +1/2V Binary signal amplitude ETA14 mar- muoetor inn.r

e pace, digital information At the standard +3 to +20 volts (other (either pularity, betwen -12V an,bit rate, options a-vailable). +i2V) binary input. ltan. spacing

priod is 16 bits. .10 synchron-i-
zion signals required.

Input Impedance Greeter than 5000 ohms. Approxinately 5000 alas. 10,000 ohms loco.)

nOutput Level .20 to + 3 dba. -24 to +6 dhm, adjustable. to + 103 dh..Idmmx 51mdlto)

Output ~~ ~ ~ ~ ~ ~ 0 ohms.e60 hs 66ohsblicd
Outpt Ipedace 00 oms.600 ohms (balanced). 600 ohmhbms.d

Input Level -35 to +5 dhm 1ACC). -0 to S dhn adjustable. Short 36 to --14 dbm and m16 to +6 dbm
-tn variations 10 db above and in two rin~es.
20 dh below adjusted level.

6- InputlimpedAnos 600 ohms, baianced 60om.blne

output Level +5V mark, OV space +10 volt. (other options aveilable. "srk impulse ou tput; approx.
- 20 us riLse time, 24 .e width at- ~~~baja 1voepsiive going with

- OutputIm-pedance 600 hmoe 3000 ohms (other options available) 820 ohm.I

Carrer p squeno'es 2500 or 2200 o. for 24 or 1100 to 2300 cps. 2M50+100 eps.I
1200 bps (lower 15 transmission):
2200 or 1600 oe for 600 bps

-~ - (double SR transmission).

Clock Input Level: minimum 5V peab-to-peab Squareo wave. positive going
square wove (500 to 2500 cop.); edge@ coincide with bit transitions,
Impedance.: greater then 5000 ohms, at data bit rate. Amplitude + 3 to

t20 voits; Impedance approx."50004 ohms (other options available).

Clock Output Level: 5V peal-to-peeb square Square wane at data bit rate, pse width at base vtie poon
wave PC bit rate; Impedance: positive going edge$ coincide with tive doing, with -1l volts as rsf-
600 ohme, bit transitions. + 10 volta Into erence; 50 us deg. jitttr; 820 ohm

3000 ohms, (other-options avail- impedance.

Synch onizat on Race ver sonchronloed to orans- __Ct synchronimation sutomatic
,it c loch. IS suconds ay tine oetween 2350 and 2450 Ppn.
equired for atem~ i

Environental Conditions Ambient temperature . 00 to 50
0
C. Tp.rga i10P

Reletive heaidifty: 90% maxm
Altitude; to 10,000 ft.

Nosynchronizng agna Iraspecial ?esatre* 1. Voice comuiction over circuit 1. Requires no receiver clock. Reference phase at receiver Is denyv required. The receiver has en -
allowed at operatores discretion. 2. Error detection provided by codiz* fro.'a incoming Carrier. A third Ant ayste" fur a..tomacic synchro- co
2. Foot panel adjustment of equal- wthout introducing data redundancy, bhase is used to prevent aaobiguity uleatiomt. to
ination. with sCope indication. therefore no loss of transmission if a signal is momentarily lost.
3. Quick look status monitor. fficieucy. High Silt and very narrow, bandwidth
4, Simi;a chsck-out procedure. In- . Built-in pattern generator for are dlaned. Can opute on either
tegral scope, omplets systen uligm~ent, and atime or a frequency mltiplex
5. Clock slaving provided to main- djustment of eapVlitude and delay eelis (synchromous or oon-syncbro-
tam a Cmte station clock In en- qualiser with use of an oscillo- Dou). Isn ou-syochnoos operation
act synchronism with a master clock cope. the channels can operate iodspen-
at a central location. automaticall O. ata mxy be recorded directly from ently.
6. Aseiliatry equaj. available for ransoisslon line and played bach
spanizpoeing a 2 data channel brough receiver, with any good tape

for ward or message franc synchro- ecorder.
nicatio I (usually needed for coo- *For 1200 bps, binary operation i
mnication in co-iputer format). sed giving optimm systam bandwidth

7. Beondo test data signal genae- gain. This improve@ transmission
tor, and colte perforL.ance meni- rlo-qualily date channels.

CopeiyBaiblt-Uses replaceable eub-ssblie, ransistor. Plug-in mdular pachag- 'be-type transmitter, transistor Slu-st ate circuit Sm~laee 9
Costruction printed wiring, plug-in coenecors, ag. Sigh quality 1411 sod industrial eceiver. Built to high quality plu-inpitd-ici mdIM

30l0oernal teat jacks, with mer- ospnente. Simplicity of aligment oussarcial standards, for Installs- -,ny sytem end ite asocieged -

saI oscilloscope pattern; provided idservicing due to simple font- ion & operation under comercial lty
for any. uses Ht11 Spec sr approv- isning basic modules (a binary syn- oditlone. Con be adopted to M4i1
od equsivalent components throughout. so, and its associated simplicity), pet model. Uses plug-in printed
Testing has shown a meant-time-be- ircuit cards.
tween failure record in excss of
7500 hours. Trensistorimed con-
stfialm

rrrBee-Tolerance to sit eor Mrote 10 I for 1 -6.5 -dhI Slil It __error rate 10 over schedule 4A equires high quality chancelIs to
BMise (See Section 4.2) wite noise only-, 10,5 for 19 db rive line telephone channel or roach theoretical error rate.

SME, Combined severs delay and quiva lent.FPS providee immunity to igmal-to-00ife performances is
amplitude dietortion sod 4 dh cycli bort tarn msbcrrier level maria- egraded by using high spepsd (dipleo
amplitude variation. ions. limes SIB ratio (roe signal station,

yen-to rose Abite noise power)
or bit *rror rate of I m 10-5:16 db
t 2400 sa, rnd 10 db at 1200 bps.

Seneche Price: $150.00 fob, Silver -Spring Suporcedes earlier quaternary systen m.elena
l4d. Parforamnce I-proved from mar- Optional equip.: I - optional rcvr
lier -odels24A and 25. Auxiliary cloch available, with autmatic sync
untite available for converting fac- (no mna adjustment naeded regard-
sinuse signals to synchronous digi- less of inactive transmission time).
tal form for Improved reliability 2 - line failure alarm, 3 - order h,
adesure tranmisism for code wire complete with 2-wey signalling. h

Iseermc for special daga formats,4- universal equelizers for cor-
end for Ineating error control recting phase and amplitude distor- h
coding io the data format. tiP saalable as nodular plug-In S
Opteatoa. onponents. 5 - error detector.

na production and Available off-
t he shelf.



n-ynnh rnae (00 sync) chnnl and c7lut
dpower supply -Zla24110" high.,___________________ 

___________________

117V AC +to%. at 60 cps 115V kC +10%, 45 to 65 cps 120V
30 vettI if usad with external 115 V AC at 60 .ps 50 watts (nsa.) single
power su1pl y (+I12V end -12V nom-) 20 watts_________________ 350 we

Delay equalizer not included. s'quired for rates over 720 cps Jot InCLuoao. Phase
on private line channels. Plu.;,-in
ampltude equalizer available, and
standard 200-type delay equalizer

Se~lsacIpuaa4rvsn. s a. for a W camViacr ua -- UuLS Poore 0 lu npta . peak- S~c
andIllena rse im) o o a erk, for two tower speed codes v.uts (non). Others' otions avail- toge ob) Ajaable over (600

(either polarity, betwe- I d ne fouswihtlte- I. range Io5 otspe-to-peek. 540b
4-12V) binary input. Max. spacing writer). High-speed mode- 0 volt 1200 cpa dipulass indicate masrk, 1-0
period is 16 bite. .lo synchrani- sark, -12 volt spaea or +6 volt no.~ nictsaeee chnne
meotion sinals required. serb, -6 volt space. ovaillt

positiA

10,000 ohm (as.) 2200 shins. 10.000 shea (no-.) 600 shin. 5000~
10.000

0 db seax. (507. modulation) . -6 to 0 dbe. -15 to +5 dhm in 2 db stepe. 0 dbs (0.78 volte rms into 6o0

.0 + 10 dba. shma resistive) adjustable -20 to -20t

+6 ds..
600 shins balanced. 600 ohm,. 600 ohm. balanced or- unbs- 600dbnms. 60o

WOO ohmsio . lI _ __ anced'.__o

36 to .14 dhn and -16 to +6 dbei w35 to +3 dbms. -15 db nominal (-25 db to -5db) -0t

in two ranem. 
_01

6130 ohm, balanced 60O ohm,. balanced or unbalanced. 600 ohms. 600 or

'iark impulse output; approx. Sin as transmitter input. Sam as transmitter input. lens as trasmitter data input.
20 od rise tins, 24 u. width at Sans ae
base, It valts positive going with

______________ __ __ojts ~as refeica '._______________

820_ohm. 800 ohm. 150 ohm (ans.) 600 ohem. 600 ohm

2750 +100 cps. 1100 to 2100 cps. 1500 cps. 935, 13
3135 cs
rate.

Transmitter- accepts 1200 cpa Bipolar
me wets. .5 volts

rate; 501
texternal
rate 100

Approx. 0.40 us rise tins; lOus Level' ese as transmitter data Receiver provides 1200 cpsasinssme
pus itha es;I otspe-Input level. Impedance; 150 ohm wave (recovered from 1800 phase impedlance

tine going, with -11 volts as ref-(nm)chge .
erence; 50 us sa,. Jitter; 820 ohm(m .)chne.
impedance.

,Clock synchronization outocas tic lot provided by subset. Timing coherently ..o rated Snmc bits may -occur et multiples
btween 2350 end 2450 uses. fr -c master cl ock,(recovered frsof ':every four da bits. T min6

encoded data for rcceuver). ecvred from data.

Temp. range: 50-100O7. udiy

Altitusde:
No synchronislag signales Dsigned to operate through Parallel operation is oveasie.

Refersunce phase at receiver is denyv required. The receiver has en switched. (not leaeed) telephone Integral
ad frnom incoming carrier. A third AnC syst"eo r automsatic synchrs- concoctins at 600 bps. 1000 bps
phase is used to prevent -~biguity nimati0e. reqoiree equalized private line.
if a signal is momenarily loet. System can operate unattended. A
High S and very narrowe bandwsidth telephone Is provided for altar-
are cl ae. Ca operate on either nate voice operation.
ane or e feauncy maltiples:

aosia synchronous or non-symchro-
e ). In m-smrnosoperation

the channels can operate indepen-

Njetp rnmte, rnitr Sldsat ~clr~ ipe Transisator. Simple and ecommosical Transistor. Moedular construction, reansistor. Modular construction0  than te
be Bputsitt t reig nqalityr plug-is printed circuit modules. terminal equipent, prioted wiring boards; remvble printed wiring cards; ramor"sbDrweAti? binart tote high quait asroiatr poe upl.pwrupy

oiaercisl standards, for inetalls- A biy sse n t soitd a opy a upy cult carn
ion & operation under commercial rollcty e"e is
,oditions. Can be adapted to ALL provides

;pe model. Uses plug-in printed 1000 hews
ircult carde. urea, 15

repair, I
proeatil

Very low error rates reported, Usee mltd iiig adfl pcfe i errrar us Estimated error rate:11-- UVsual Error ra
teuieshih uliy hanes otering, and center strohing to elan noise and 300 to 25o or 30M mses only a bandwidth of 1000 to dondition

Lpresach theoretical error rate. achieve noies Immusnity. cp cheelbnwd: 2600 cps. 20.5 to
igna-tonoie prfooane i 1 03 forS db signal-to-mo' bit errolegtraded by using high speed C'dliplen eci to 14 db

3perstion l in 10 4for 9 db rtodue to _0
1 Ink 10

5 
for 10 db strated,

L-eiete prtiensl. -Ccaro&rie sup-_ oeratinal. _Tr~omattas b8 t - 0_Egrationel7 -Used in the -SAG&- Laed-1
lied. Rinte for $40. 00/se. , p lus tote for Western Electric Al. Uses Syaten with SAW

$45.00 installation fee. Consider- elensent-to-elenent comparison.
able jitter In the denmodlated aig-

1 hasben reported, primarily
st: theM devistion ratios and

the demodulation method. Use at
lsances greater than 50 ft. from
he customer digital equip. is pro-
ibitad, due to roice Induction
oil (wdhich mast be switched in and

tfor alternate voice), end roe-
ively high impedance (10 t) on

_________________________ he digital signal lines.,________________



"t ' 7"cabnet orrackue v ,. -t .-

120 lbs.

115V kC +10., 45 to 65 cps l~4 120V AC +10, 47to40 cp ,
single phase. ai20V As1%,4e. 50cs

pa 50 witts (nom.) 350 watts am. 2igl phase

teo: e -411 .ot ncoe.d phse. delay compensateor included Phase deay compensator Included.
channels. Plo;-n
zer available, and
,a delay equaligir
Me. arp1 a 1 u ero Usq~ ousM . v-o1 eak- synchronous stngle channel serial Serial: sile channel eynichro.
,wer speed node* ,,lts (non). other optios aveil- to-eaI dbg. Adjustable over (600. 1200, 2400, 3600, 4800. or noos at 600, 1200 or 2400 bps, III to
too with teap abls. range I to 5 vo.1ts peeh-to-paak. 5400 bps), or 2, 4, 8, 12, 16, or 40.25 volt for binary ser, aod
ipeed modoe 0 volt 1200 cps dipolees indicate mark, 18;300,bppalel

5  
d us +6to6.voefrbnry n.

spore or +6 volt no signal indicates a space. chnnels. 3 awitch mae d oenls Parallel- 2 4. or 8 porallal
t.ce. available -negatioe, polar, and 300 bps synrA. channels -4.0 to

positive. .6.5 volts for binary zero and
+1 to -l volt for binary one.

10.060 oha (no..) 600 ohm. 500 ohm mot., ser a nput. om o. a pt
10.000 ohoa non., parallel input. 10,000 ohm not.. parallel Input..

-15 tol boi b sop@. 0 dbm (0.78 volts fea into 600 2to+ b(vral)-0to4davrile.
ohm resistiva) adjuatable -20 to20t+6do(aabe.-0o+4bm vibl)
+6 db._

60 hmblicdor unba- 600 ohms. 600 ohml or 1133 obma at 1000 cpa 60P ohm +20%, 900 to 2300 cps.

&35 to +3 dbn. -15 db nominal (-25 db to -5db) -20 to 0 dbn (variable). -35 to +5 dhm (variable).

00ohms, balaoced or UnoanaCil. 07=- 600 or 1135 ohm at 1000 cpa. 600 ohm +20%, 900 to 2300 cpa.

ccer input. Sam an transmitter input. Same as transmittar dots input.Sa asiptda.imlrodtanu.

150 ohms (no.,) 600 ohm. 600 ohm ota. 600 ohm note.

a.1500 cpa. 935, 1375, 1815. 2255, 2695, and 935, 1375, 1815 and 2255 cpe
3135 cpa, depending on transmission depending on transmiasion rats.
rt..

Trnsiteraceps 20 cs ipolar square waves, 3.25 to Bipolar square waves. 2.9 to
Tranniter ccets 200tPO.5 volts peak-to-ptak at the data 6.8 volts pak-to-paak at the data

sinte wave. race.. 5000 com nom. impedance rate; 5000 ohm nm. impedance.
tetarral clock (optional) input External clock (optional ) in It
rate 100 kc. 100 kc, freq. stability 11.10 1"par

day, or greater. 5V resa .in.,
5000 ohm s aim.-

Loel, same as tranamitter date teceiver provides 1200 cps aim Sam as input. but 800 ohms max. Bipolar square waves. 3.6 to 6.0
input level. Impedance; 150 ohms wae (recovered from 1800 phase impedance. vlta peak-taIIpaak at date rate.
(ma.e.). changes). 60ohms Impedance mn

y su& et Timing coherentl Y emarared Sync bits may occur at multiples
fr- mster clock (recovered from ofevr foor data bits. Tinin;
.eded data for receiver), reve fro dta

Tap. -zero +54
0

C with evens. sp.; 00 to 52
0
C.

Humidity: 0 to 80% relative, with- Huidity: 0 to 80% relative, with.
cot ondeaatin, mt condensation.

Altiude a" eve to15,00 f. Atitude: 0 to 15,000 ft.
Altiude em leel t 15000ft. ibration: KIL-T-4807A

,rate row era a operatint avjab*
loose) telphoneIntegral teat facility included. Traneition alarms provide relay con-

600bs. tele p s tact closure for loss of input serial

red private Ilea. data rate timing, serial input data,
ate unattended. trseiotpu a and forvalwae Iprope
,vdid for alter- rtoat Wreevlvls Ern
:Ation. gral teat facility Included.

lople and economical Taitor. Mlodlar construction, ransetor. Modular conserction, Tabe@ Transistor. -Largec end mere complex Tranalator. Drawer mounted pluogiin
ean. pintd wrin bords reovalepritedwirng ard; rmovblethan the other, elower. systm. etched wire circuit cards. Sel f-
nant r1nte wiingbeads;rvala iotd wrin cad~l~OVbieDrawer mounted plug-in modular cir- cootainod integral teat facility

poser supply. pwer supply. colt card construction. Selfvcon- provides visual error indication.
tained Integral test facility Granter then 3000 boors ca-ie
provides visual error Indication, between failures, leas than 15 aim-
1000 hoora ean-time-herman fail- wis man-time to repair. and pre-
uras, 15 minutes men-time-to vantive maint. lees than 5 boors per
-repair, lesa than 5 boors per aonth month for contimose oratimn
preventive maintenance for cootino-
oo5 oparation..

rats eprtd. se mplitude Ilmtin, band fIIl-pcified bit error rate for Cae simte errf 10te 0 tioa croretn. Iet rem Itvrda e
trn.and center stroking to Ban noise and 300 to 2500 or 300 28 only ahemdwidt f10to cndins Tetrslsniae

thriev os int. hresbnwdh 2600 cps. 20.5 to 26.5 db rewuired for 10-5
achev forv Imuiy cp hne a dbid na-t-: bit error rate at 5600 bps. and 12in 13fr8d gm-oV4Ito 14 db at 2400 bps. Degradation

Ii 0 fo9 bratio due to tha AM sync has bean down-
1 inIO or 9b srtad, scially at 5W.0 bps.

I In 105 for 10 db

,ommon-carrier sup- Oerational. Tropoecatter anbti- -Oleratiomtl. Used Is thu sAE -Lidlneroid. Ca e A diversity, raceiver, a m -l

!or $60.00/no., plue tote foc-festtero Elactric Al. Uses sysem. with LUZ data syst=6 ftcation kit adapting the !E.-21OD-2
kcion fee. Consider- olqeant-to-elanant comparison, for comnication with the T3-20
the demdulated sig- "ode, are available. Leaned lime
tport ad. primrily probably rewaired for mea. rote.
lviatlo ratios add
In method. Use at
ert than 50 ft. from
glta; equip. ia pro-
Ivnice induction

t he switched In and

ctc voice), and rela-6



[1 WIDLwTR2Ol 7

11 REFER~ENCE S

112.1 Manufacturers literature and reports

2.2 Data Line Techniques, Armour Research Foundation Technical Report,ii 1 April 1961; AD 263 144

2.3 Avaiable Modulation-Technigues for Diaital Da-ta-Transmission,
Beckman/Systems Division Technical M~emorandum No. TIM-145-A,
5 Decemnber 1960.

2.4 Survey of Digital-Communications, Hughes Aircraft Cornpany
Communications Divi~sion Report No. TR-l, 15 April 1961; AD 277176.

[2-

PW C0WIEi REOMN LBRTWR



WDL-TR2017I
SECTION 3

THE PROPAGATION MEDIA

3.1 GENERAL

This section summarizes the characteristics of typical media through

which data is transmitted. Since this is strictly a summary, all of the

[material here has been published in the literature, as referenced.

lNo attempt has been made to recommend a particular transmission

mode since this will be primarily determined by such factors as site

location and availability of existing networks. Instead, the character-

istics of these media are reviewed, since these characteristics may have

an effect on the selection of equipment. For example, an amplitude

sensitive system may not be appropriate if the medium imposes amplitude

fluctuations.

In discussing the propagation media, we will divide the media into

j two major areas: wire communications and radio cosumunications. These

major areas will be further subdivided as follows:

1 1. Wire Communications

Ia. Short-haul telephone calls

b. Long-haul telephone calls

1 c. Exchange telephone calls

2. Radio Communications

a. Microwave telephone links

b. Ionospheric reflection (HF) radio communication

c. Ionospheric-scatter radio comiunication1 d. Meteor-scatter radio communication

e. Tropospheric-scatter radio comunication

I f. Satellite relay

1. 3-1
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3.2 WIRE COMMUNICATIONS

When discussing the characteristics of wire communications, tele-
phone calls will be classified into the following categories: exchange,

!short-haul, and long-haul. Plots of typical values for the various

characteristics associated with each of the categories are presented.

3.2.1 Effective Channel Bandwidth

The effective bandwidth will be defined as the 20-db attenuation

bandwidth. Figure 3-1 gives the statistical distribution of circuits It
having a given effective bandwidth.

I00 - Ii
EXCHANGE

60 LOI W. ZI, AVG 3I4 CPSVG -2 526 CP S !so J

2i1 2.) 2.5 2.? 2.5 .i -3.3 3.5 3.7
AIINOWtDTH NKIOYL SI COND

I Fig. 3-1 Cumulative distributions of 20-db bandwidths, shoving
percentage of circuits having bandwidths greater than
that shown on abscissa. (R-ef. 3.1) 1

It is interesting to note that, of the 20 db attenuation points, i

90 percent are less than approximately 2.7 kc for both long-haul and
short haul calls, with exchange lines slightly better, (90 percent areless than 2.85 kc).C

*- Thee terms and most of the following curves are presented in an
Sexcellent article by Alexander, Gryb and Mlast (Ref. 3.1). [
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Figure 3-2 gives the general shape of the relative attenuation curve

which is divided into four portions. First, the low-frequency cutoff

which rolls off at approximately 15 to 27 db per octave below frequency

f1 " The second portion, from frequency fI to f2 is flat; the third

portion, from f2 to f31 is a linear attenuation rise.

This rise of attenuation between 1 kc and 2rb kc vs. percentage

of circuits is given in Fig. 3-3. The fourth portion of the curve is

the high frequency roll-off. This rolls off at approximately 80 to 90 db

per octave. Figure 3-4 gives the average attenuation characteristics

for the different types of calls. The attenuation of any given circuit

can be partially compensated for by use of attenuation equalization.

Therefore, some of the harmful effects of attenuation distortion can be

I compensated.

13.2.2 Envelope Delay Distortion

Envelope delay may be defined as the rate-of-change of phase with

frequency on a phase delay versus frequency plot. The envelope delay

of a linear phase would be a constant. Figure 3-5 presents a graph of

normalized envelope delay vs. frequency for the various calls. Exchange
calls, it can be seen, again have better characteristics while the longer

range circuits have more delay distortion.

Considering the frequency of minimum delay (FMD), this again varies

from circuit to circuit. This frequency lies approximately in the center

of the delay distortion curve. Figure 3-6 shows a plot of percentage of

circuits having a FMD greater than the given frequency vs. that frequency.

Figures 3-7 and 3-8 show the relationship of the percentage of circuits

and the 0.5 millisecond and 1 millisecond delay bandwidths.

The ranges of delay distortion for 90 percent of the circuit

Icharacteristics are given in Fig. 3-9.

P0 3-3
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Fig. 3-2 Relative Attenuation Characterit-ic

of Telephone Circuits (Ref. 3.1)
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Fig. 3-3 Difference in Decibels Between I kc and 2.6 kc --

Percentage of Circuits Having Decibel Difference
Greater Than That shown on Abscissa (Ref. 3.1)
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Fig. 3-61 Frequency of Minimum Envelope Dealy -- Percentage of Circuits
Having Frequency of Minimum Delay Greater than that shown on

Abscissa (Ref. 3.1).
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DELAY DAN#ID4 IN KILOCYCLES 0 01 SICONO

Fig. 3-7 Percentage of Circuits With 0.5 Millisecond Delay Bandwidth
Greater than that Show on Abscissa (Ref. 3.1).
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3.2.3 Reflection [
The presence of reflected energy develops ripples in their

attenuation and delay characteristics. The existance of points of mis-

match and hybrid unbalance are the sources of this energy reflection.

Figure 3-10 gives the percentage of circuits having a maximum peak-to- j
peak amplitude ripple, in db, as a bar graph.

The ripple amplitude increases in the band edges where impedences 1
deteriorate. The maximum ripple seems to occur in the frequency range

of 2000 to 3000 cps.

3.2.4 End-to-End Frequency Shift

In some of the carrier systems, the shift in carrier frequency

becomes a problem. The systems can be divided into three groups with

respect to this problem. First are the systems where no particular

effort was applied to frequency synchronization. An end-to-end shift 1
of + 20 cps can be expected in these systems. Second are the systems

where some effort was exerted to synchronize circuits. The end-to-end

shift may still be as much as + 2 cps. Third are those systems where I
there is no shift at all. The presence of shift causes difficulty in
identifying the signal output. J

3.2.5 Circuit Net Loss

The loss in telephone transmission is usually measured at 1000

cps. Figure 3-11 gives the cumulative distribution of net circuit loss

of the three types of calls.

3.2.6 Noise I
The significant types of noise on telephone circuits can be classified

into the following categories:

1. Baseline noise

3-8
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Fig. 3-10 Percentage of Circuits with Maximm Peak-to-Peak Aq2litude

it RLpple (Ref. 3.1).

LONG HAULI AVG - 15.7 0S

SHORT HAUL

40 VAVG -15.0 09

40 - - -v

EXCHANGE 
N

30 AVG - 129gB N I

CI C I N T L S ' HH I w I N DECIEL S V

IFig. 3-11 percentage of Circuits with 1000 cps Net Lose Greater than
that shown on Abscissa. (Ref. 3.1)
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2. High level steady noise

3. Impulse noise.

The level of baseline noise is sufficiently low that it has

little effect upon data transmission. These levels are usually .tore

than 10 db below the signal level and may be aore than '40 db below

High level steady noise is usually associated with circuit outage.

It is at a much higher level than the baseline noise and lasts on the

order of 2 seconds.

The impulse noise is of an even higher level, often being as

large as 10 db above the signal level, and may be found in the low

baseband levels, also. Impulse noise usually occurs in burst on the

order of 40 milliseconds. Figures 3-12 through 3-14 give typical plots

of baseline and impulse noises. This type can be attributed to natural

as well as man-made causes.

3.3 RADIO COMUNICATIONS

In radio communications, parameters of the propagation media vary

from one communication technique to another. If the same parameters

(e.g., bandwidth, frequency of operation, range, attentuation) are

examined, they will, of course, give different answers from method to

method. Table 3-1 lists some of these parameters for the various media.

An attempt was made to place an upper and lower bound on the parameters.

In general, these bounds are based on information obtainable on present

equipment.

Some interference effects, such as noise and fast fading, are

common to most radio systems. Fast fading, in most of the following

media, is due to multipath transmission and follows a Rayleigh

distribution. Figure 3-15a shows this distribution where 1.25332

corresponds to the average value or 0-db fade. The fading rate is

3-10
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usually from 1/10 to 10 fades per second. Figure 3-15b shows the

Rayleigh cumulative distribution plus distribution of fading using

diversity (more than one means of transmitting the message.)

Noise is another parameter which will be discussed before entering

discussion of the various propagation methods. The prevalent source of

noise varies with the frequency band of interest. Figure 3-16 gives

an idea of what noise is present in the particular band and its

amplitude in microvolts per meter.

INoise due to solar storms becomes an important factor in ionspheric

communications. When the solar storm activity is at its highest, iono-

spheric electron density becomes so great that radio waves are absorbed.

Blackouts of radio communications from these storms can last from

several hours to several days.I
3.3.1 Microwave Line-of-Sight Communications

I The microwave line-of-sight communication systems are composed

of antennas spaced approximately 30 miles apart; microwave is beamed

in relay fashion from one antenna to the next. In order to minimize

the effect of ground reflections, the systems are placed sufficiently

ihigh on towers. The bandwidth capabilities of the microwave links are

nominally 30 mc wide and are limited only by reflections. The terminal

equipment dictates many of the parameters of operation such as time

f delay distortion and end-to-end frequencies shift. These values depend

greatly on the type of equipment using the propagation media.

Propagation through microwave line-of-sight communication is

subject to fades. Fading in this case is due mainly to weather

conditions bending the beam between links. Fading may also be caused

by multiple-patch interference. Figures 3-17 and 3-18 give the

Idistribution of fades during different times of the year for two
different paths.

3-13
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Fig. 3-15a Rayleigh Distribution. R is the Distance to the Origin in a
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Fig. 3"15b Signal Level Distribution vs Order of Diversity (Ref. 3.5)
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Fig. 3-16 Major Sources of Radio Noise (Ref. 3.4)
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194b and 1950, (Ref. 3.6)
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Fig. 3-19 Tyical Diurnal Variations of Critical Frequency for January

at Latitude 40 Derees (Ref. 3.7)
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m 3.3.2 Ionospheric Reflection

Radio communication below 100 mc and above 2 mc can be accomplished

through reflection from the ionosphere. The limitations on the upper

frequency depend on the angle at which the wave enters the particular

layer being used and the critical frequency of that layer; i.e., fc/sin a
where a is that angle and fc is the critical frequency. The critical

1 frequency is that frequency where no energy is reflected from the iono-

sphere above. Figure 3-19 gives typical values of critical frequency

11 (Washington, D.C.) showing diurnal fluctuation.

Transmissions through this medium may have ranges on the order

of 1000 miles or more. Very narrow bandwidths (one speech channel or

less) are attainable. The fast fading follows the Rayleigh distribution,

Isince fading in these circuits is essentially of multi-path origin.
Echo delays of up to several milliseconds have been observed. TheseIproduce considerable distortion in the comnunication channel.

In general, the path loss may be attributed to absorption and

free path loss. Due to the uncertainty of the path, additional losses

may occur. Figure 3-20 gives the absorption loss as a function of

frequency.

Communications through this means are at best undependable, due

to the continuous variation of the several layers.

3.3.3 Ionospheric Scatter

S The reflection of radio waves from many areas of ionized E layer

is the next medium of interest. Ionospheric scatter requires high

I transmitter powers because the signal is attenuated from 80 to 100 db

more than line-of-sight transmission through free space. Figure 3-21

shows the median signal levels for ionospheric-scatter transmission.

3-1P
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Fig. 3-20 Typical Values of Midday Ionospheric Absorption (Ref. 3.7)
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Fig. 3-21 Median Signal Level. for Ionospheric Scatter Transmiesion

(Ref. 3.7)
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The ranges of transmission through this-medium are typically

less than 1000 miles. The bandwidths available are on the order of

30 kc. Fast fading is again of the Rayleigh type since multipath is

the major contribution. Slower fading of the hourly median varies

approximately normally, with a standard deviation of 6 to 8 db.

The ionospheric-scatter propagation, although it has a much

greater attenuation and more selective receivers are necessary, can be

considered to be much more reliable than the reflection mode previously

mentioned.

3.3.4 Meteor-Scatter Propagation

The ionization tail of meteors as they sweep through the upper

atmosphere reaches sufficient size and electron density to deflect an

appreciable amount of radio energy. The density of the electrons has

a definite effect on the output signal strength enhancement. This is

shown in Fig. 3-22. The frequency of operation of this type of propaga-

tion is again in the 50 mc range. A nominal channel characteristic

bandwidth may be 1 mc. The range of a typical system may be on the

order of 500 miles, depending on the scatter angle. Figure 3-23 gives

signal energy as a function of scatter angle. Transmission loss as a

function of range is given in Fig. 3-24.I
Fast fading is again of the Rayleigh type, although, as

previously mentioned, blackout due to solar storms account for long

term fades. The operation of meteor-scatter propagation is usually

accomplished in bursts whenever the received signal intensity is

sufficient to ensure signal reception. if it is operated in this

manner, very reliable communications can be obtained. This technique,

of course, reduces the usable data rate of the system.

3.3.5 Tropospheric*Scatter Propagation

Tropospheric scatter is not dependent on the ionosphere and,

1. therefore, is not completely subject to the blackouts due to solar

3-19
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origin. The scatter from the tropospheric region is generally

attributed to variations in mean tropospheric refractive index. This

change may be due to water vapor variation caused by turbulent

convection currents. The range of tropospheric scatter is usually less

than 800 miles. Figure 3-25 gives path loss as a function of range for

two different operating frequencies% The operating frequency generally

varies from 40 mc to 5 kmc.

Fast fading again follows a Rayleigh distribution while slow

fading is thought to have a log normal distribution. Figure 3-26 gives

average fading rates as a function of percentage of time the rate is

exceeded for two operating frequencies. Propagation through this

medium becomes relatively variable with seasons. Path loss appears to

I reach a maximum during the summer months (See Fig. 3-27.) Figure 3-28

gives an idea of the capabilities for communication in this medium.

3.3.6 Satellite Communications

Satellite communications must pass through the various levels of

the Earth's atmosphere. The troposphere, stratosphere, and ionosphere

will have an effect on the communication via an earth satellite.

IDepending on the frequency of operation, various problems associated
with these different levels will arise. Figure 3-29 shows that noise

density reaches a minimum in the range of 500 mc to 10 mc. Satellite

communication seems to be inherently limited to this range by many

I factors. Radio signals below the lower range are reflected back to

earth and, therefore, limited from use in satellite communications.

I Radio signal above the higher range are attenuated by water vapor

absorption as shown in Fig. 3-30. Figures 3-31 through 3-33 gives

curves of optimum frequency of operation for gain limited, area limited,

and mixed antennas. The points of optimum frequency again seem to be

in this range.

Operating in this range of frequency, factors such as fading

Ihave little effect due to lack of multipath. The distance of communication

1 P3-21
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I will depend greatly on the type and complexity of the satellite system

involved. The attenuation will drop off as free-space radiation and,

therefore, the sensitivity of receivers need not be exceptionally

great.
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I SECTION 4

ICOMPARISON OF DIGITAL DATA TRANSMISSION EQUIPMENT
4.1 CRITERIA

This section compares the digital data transmission equipment

described in Section 2 and a method is suggested-for selecting a sys-

11tem to meet a user's particular requirements,
The criteria used for comparison of the systems are:

1. Maximum Data Transmission Rate. This is the actual maximum

rate of transmission of the input data over a "standard"

1: telephone voice channel, and is not always as great as the

given bit transmission rate (due to coding or redundancy).

2. Reliability. An indication of reliability can be obtained

by examining the complexity of the system, reliability cal-

culations, experimental results, and actual field use. Only

limited information from a few of these sources has been

Iavailable.

3. Maintainability. An indication of maintainability can be

E obtained by examining the complexity of the system, the con-

struction and layout (e.g., use of modular construction, ade-

[quate test points, built-in test provisions), and test and
maintenance procedures developed for the equipment.

4. Availability and Cost. Some of the equipment considered in

j Section 2 is still experimental and/or developmental in nature

and is not available "off-the-shelf." The AT&T Dataphone and

A-1 systems are provided on a rental basis directly by the

telephone facility. Since these factors vary so much with

time, and depend on thc optional features included, no merit

weighting is given. A user should contact the manufacturer

1O O4-1
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or his representatives to obtain current information when

it is needed. In general, the cost of a given system will

increase with increasing equipment complexity and

amount of optional equipment required by the user.

5. Error Performance. This is a complex criterion since it is

a function of many variables. These functional relationships

will be discussed. Experimental data gives the best indica-

tion of error performance, but such information is not avail-

able for all equipment or under all conditions. Theoretical

results can give some comparisons and will indicate bounds

on best obtainable performance. The factors that are import-

ant in determining error performance include:

a. Transmission Medium. Transmission media are discussed
in Section 3. Contributing factors include amplitude
distortion, envelope delay, fading, frequency displace-
ment, multipath jitter, white and gaussian noise, and
impulse (burst) noise.

b. Modulation and Detection Techniques. Each modulation and
demodulation technique has its advantages and disadvantages
with respect to error performance, simplicity, reliability,
and cost. A technique good for one set of conditions may
be poor for another set.

c. Signal-to-Noise Ratio. Signal-to-noise ratio is a func-
tion of the transmitted signal power, and of factors a and
b above. However, error rate is a function of signal-to-
noise ratio; therefore, to have a meaningful error rate
stated for a system, the corresponding signal-to-noise
ratio and transmission medium characteristics must also
be stated.

d. Transmission Rate. Error rate is also a function of the
transmission rate, generally an increasing function. Thus,
it is necessary that the transmission rate (bits per sec-
ond) also be given when an error rate is stated.

e. Coding. Each of the systems considered will accept coded
binary data. This coding can be used to decrease the data
error rate by providing redundancy or through error detec-
tion and correction (see Section 5). Some of the systems
code the data into a particular format before transmission.

PHILCO WESTERN DEVELOPMENT LABORATORIES1
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This may be done to increase the allowable data trans-
mission rate within a given bandwidth (as with Lenkurt
"Duobinary" coding) or to facilitate retrieval of synchro-
nization from the data (as with COBI and CTDS). Limited
error detection is also provided by "Duobinary" coding
with the addition of available receiving terminal equip-
ment.

Error rates can be minimized by matching a system to its operating

conditions (especially the transmission medium it must work into) and/

or by using coding. Thus, one would use the modulation and demodulation

techniques least susceptible to the existing media effects (such as

fading, or impulse noise), and use techniques such as line equalization,

diversity reception, and/or coding when the improvement is worth the

cost.

The above listed factors are not in a useful form for purposes

of system comparison. A set of criteria is needed which can be used

to compare each system according to the relative degree to which each

criterion adversely affects the error performance. The criteria to

be used are:

1. Amplitude distortion

* 2. Envelope delay

1 3. Fading

4. Frequency displacement

5. Multipath Jitter (phase fluctuations)

6. Gaussian and white noise

7. Impulse (burst) noise

8. Other considerations (these will be comments only, and will

V not be weighted).

Both experimental and theoretical evaluations of the equipment are

used if available; unfortunately, much of the information was available

only from manufacturers' literature. When little information was avail-

able, the rating spread was made narrow to compensate for the incomplete-

ness.

4-3
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The comparisons are summarized in Table 4-i. In addition, each

type of equipment is assigned a weighting (merit) number within each

comparison category. These numbers, 1 through 9, indicate a judgment

of the particular system relative to the other systems considered. The

higher the number the greater the relative merit of the system within

the particular category. Data rate will not be assigned a weighting,

since it either meets or does not meet user requirements.

These weighting numbers can be used to guide the selection of a

system for a particular use. A reasonable method would be to weight

each of the comparison categories according to the importance of that

category in the potential user's particular situation. This weighting

number is then multiplied times each merit number in the table. The

sum of these new numbers for a particular system can then be taken as -

a "figure-of-merit" for the system.

4.2 COMPARISON

The evaluation and comparison of systems according to the criteria I
presented in the preceding paragraph is recognized to be partly sub-

jective. The information summarized in Table 4-1 will help, however,

to indicate the reasons for the weightings given. The numbers in the

boxes are the merit weightings, given as discussed in Paragraph 4.1.

More complete and/or up-to-date information may alter these weightings J
somewhat. i

A major difference between systems, and a factor in determining

error performance, is the modulation technique. A brief discussion

and comparison of the effects of the modulation technique on error

performance is given in the following discussion (Refs. 4.1 and 4.2).

See Section 3 of this report for further comments about the media

effects.
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An obvious comparison is that phase and frequency modulation

techniques are less susceptible to sudden and short term amplitude

variation effects than amplitude modulation. Phase modulation tech-

niques usually use coherent or differentially coherent detection and

j its corresponding improvement in error performance, at the expense

of increased complexity. The complxity increases with the ilu..:ber of

phase levels. Curves of error probability as a function of signal-to-

noise ratio are plotted in Fig. 4-1 for Gaussian noise, an( V'ig. 4-2

I for impulse noise, for various transmission systems. These curves

indicate superiority of phase modulation for error performance.

* Of the various devices used within the telephone system, only

compandors present a serious problem to digital data transmission

(Ref. 4.1). FSK and PSK systems are relatively immune to the effects

of these devices. But AM and multi-tone systems evidencing amplitude

variations in the envelope of the composite signal activate the com-

pandors, resulting in distortion of the data signal. Keyed carrier3 (AM) systems, on the other hand, are relatively insensitive to fre-

quency translation in the channel, while FSK and PSK systems are ad-

versely affected by this characteristic, common to carrier facilities

in the telephone plant.

Many sources conclude that phase modulation is technically the

optimum solution for telephone circuit data transmission problems.

The main reasons for this are that (Ref. 4.1 and 4.2) in phase modula-

tion, all available power is utilized for intelligence conveyance, the

I signal is not as adversely effected by compandors in the circuit, and

it trades data speed for signal-to-noise ratio. Following phase mod-

ulation (PSK and differentially coherent PSK), are FSK and keyed

carrier (AM), in that order. Other factors, as this report shows,

must be considered in choosing a system and making comparisons. In

general, the higher performance system requires a more complex equip-

ment installation and involves greater maintenance costs, while the

lower performance systems are simpler to implement, smaller in size,

and probably less costly to maintain.

4-7
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Propagation factors in radio transmission, such as HF radio

transmission, make it impossible to use a high order of time-division

multiplexing, ruling out shorter pulses and wide bandwidths. A receiv- ii
er with large dynamic range is needed due to frequency selective fading

of as much as 30 to 40 db encountered on HF links. Diversity receiving I
techniques are used to provide improved (more reliable) reception in

the presence of fading.

4.2.1 Experimental Error Statistics I
A few papers presenting experimental error statistics and com-

parisons are available at the present time. Some of the conclusions

made and results given are summarized below. Hofmann concludes, from

tests on the Bell A-1 facility over various media (Ref. 4.4), that:

(1) digital errors are of a burst nature, both within a word and over

many words; consequently, averaging error performance over long periods

is a poor means of describing the performance of a data system; (2)

background noise on the telephone circuits is of little consequence in

affecting error rate since a degradation in signal-to-noise ratio does I
not materially change the error rate; (3) the error rate is not fixed--

it may vary over many magnitudes on a circuit over different periods

of time; (4) the longer telephone circuit used shows a higher prepond- -
erance of high error rate days than does the short circuit used, though

the error rate is not a direct function of the length of the circuit;

(5) the undersea cable, because it is free of the influence of switch-

ing stations, people, and nature, has the lowest error rates of the

circuits used. Note that the Bell A-I is a vestigial sideband, 3-level

AM system. j

Morey (Ref. 4.5) states that early tests indicated that COBI,

as compared with CTDS, had greater tolerance of gaussian and impulse

noise, less internally generated noise, and increased tolerance of

nonlinear phase characteristics of the communication channel.

4-10
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I Lincoln Laboratory of MIT has been conducting an extensive pro-

gram of measuring and recording errors which occur during medium-speed

digital data transmission over various leased private-wire transmission

facilities. Some of the results of these tests on four different data

systems (CTDS, Milgo, Bell A-l, and Collins TE-206), over two types of

telephone circuits (K carrier and microwave), have been presented and/Jor discussed in Refs. 4.6, 4.7, and 4.8. Curves presented (Refs. 4.7

and 4.8) include distribution of error in erroneous code words, dis-

tribution of burst lengths in erroneous code words, runs of error-free

code words, and runs of erroneous code words. No clear-cut superiority

could be indicated by the data.

Data taken to compare the error performance of 3 modems at 2400

j bits/second over specially treated, leased voice channels are summarized

in Appendix 4-A of Ref. 4.9. The modems used where the Collins AN/GSC-4

(operating well below its maximum rate), the Rixon Sebit 24 (an earlier

version of the sebit 24B considered in Table 2-1), and the Stromberg

Carlson S-C-301. The data are presented only as 'weighted average

error rates per kilomile." Unfortunately, it was assumed that the

error rates varied directly with distance, and each test was weighted

I in proportion to its time duration to arrive at the weighted average

error rates per kilomile. Consequently, the results lose some signi-

ficance. The Collins modem generally gave the best bit and message

(2000 bits per message) error rate. It was also indicated that the

tCollins modem did not require as critical an adjustment of its built-
in equalizers as the others.

L Tests of the COBI modem over private wire services in the United

Kingdom (Ref. 4.10) gave an average bit error rate, over 673.5 hours

of operation with 16 bits per word, of 3 bit errors in 106 bits received

and an average word error rate of 0.057 per minute. As in tests in the

I U. S., the circuit was found to be error-free for periods up to 24 hours

and inoperable during some finite short periods. The error rate varied

over more than 2 magnitudes on some days, and the average daily bit

error rate varied greatly from day to day.

SWM4-11
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In summary, it may be said that errors are due much more to im- )

pulse noise, short duration line interruptions, and other forms of inter-

ference than to white noise. The performance of a data system depends

upon its freedom from, or immunity to, such interference. No one system

is yet able to claim maximum immunity to all such forms of interference. 3
None of the experimental results available so far give a valid conclusion

of a "best" system, or even a "best" modulation method.

4.3 SYSTEM SELECTION -- AN ILLUSTRATION

To illustrate the use of the evaluation method presented in this

section, assume a hypothetical situation, as follows:

A user requires a data transmission system of high reliability for

operation in a remote area over leased telephone lines. A moderate A
4

error rate (1 in 10 bits at worst) is acceptable. Only three systems

meeting the required data rate are determined to be available within I
the required short delivery schedule. Only a minimum of down time can

be tolerated. The link is short, and of moderate but consistent quality. J
A reasonable Table of Comparison for this user can now be made

(following Table 4-1), such as Shown in Table 4-2. Note that a small

variation in user's weighting will not change the relative results by

very much.

According to this procedure, System A would be the best choice

although not by a very impressive margin. The addition of comments

on such things as performance proven in field operation, or past company

performance, could help to make the choice more conclusive.

4.4 GENERAL DISCUSSION

The digital data transmission systems discussed in this report are

not the only ones that could be considered. The Hughes Aircraft Company

HC-270 Digital Data Transceiver (Refs. 4.11 and 4.12) uses differentially

coherent, four-level phase shift keying to obtain data rates up to 4800

4-12 3
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TABLE 4-2
Illustration of System Comparison

I USER'S 1
CRITERIA WEIGHTING SYSTEM A SYSTEM B' SYSTEM

Reliability 8 6 (48) 14 (32) 15 (40)1

Maintainability 8 6 (48) (40) 5 (40)

Availability and Cost 3 4 (12) 4 (12) !6 (18)

Amplitude Distortion 2 5 (10) 6 (12) .5 (10)

Envelope Delay 2 5 (10) 5 (10) '5 (10)

1 Frequency Displacement 1 6 (6) 5 (5) 4 (4)

1.Gaussian Noise 3 5 (15) 4 (12) 4 (12)

Impulse Noise 5 1 5 (25) 5 (25) -4 (20)

Comments

Figure of Merit 174 148 154

Note: Figures in parentheses are products of user's weight
and system weight

I
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bits/second. The Milgo Electronic Corporation Model 1652 Data Trans-

mission System (Refs. 4.13 and 4.14) is essentially an FSK system. 1

Stelma, Incorporated, developed the AN/TYC-l for the Signal Corps

(Ref. 4.15). This is a rugged, highly reliable, field-transportable

FSK digital data terminal which will transmit up to 1200 bits/second. "

The common carriers (AT&T and Western Union) have a variety of full-

time (leased) and part-time (dial-up) services (Ref. 4.16) available, -

including a Western Union 1200/2400 baud FM carrier transceiver (Ref.

4.8). IBM developed an experimental low-cost data transmission system

i(Ref. 4.17) to determine speed and reliablity limitations on transmit-

ting binary data over private telephone lines. More recently, a group

at IBM working with Dr. Emil Hopner have developed systems for using

TV channels at 20 Mbps and voice phone lines at 8000 bps using some

new te-chniques (Ref. 4.18).1

It should be noted that, at the present time, FCC tariff regula- -.

tions prohibit the use of any modem equipment other than AT&T supplied

units on the dial system (Ref. 4.8). Commercial modems are allowed

only on leased circuits.

Enticknap and Lerner (Ref. 4.19) present a summary of considera-

tions important to a designer of data transmission systems. Their

paper discusses how data systems may be designed now in such a way

that specialists can exercise their skills most effectively, thus

allowing the system to take advantage of new coding or modulation I
equipment without unnecessary replacement of entire data systems and/

or modifications to data sources or sinks. 3
The Armour Research Foundation report previously referenced (Ref.

4.1) gives the results of an investigation and study of the techniques

and methods necessary for the transmission of digital data over stand-

ard telephone circuits in order to establish the basis for an optimum J
signalling system. It is a fairly complete and useful reference which

includes information on channel capacity, transmission media, encoding 1j

4-14 1
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I and decoding, modulation techniques, and a discussion of optimum line

utilization. A good summary of wireline digital data transmission prob-

lems and techniques is given on Pages 2 to 17 of Ref. 4.1.

Finally, it should be emphasized that the data presented in this

section is only a starting point in the comparison of digital data3 transmission systems. This data should be checked to be sure it is

current, and further data should be obtained directly from cognizant

engineers and operational records where possible. Manufacturers' liter-

ature and theoretical evaluations are not entirely adequate at the pre-

* sent time. Conclusive comparisons of equipment can only be made by

including results of carefully planned and controlled experimental

evaluations and operational data, with conditions and equipment and

circuit configurations completely specified for each case. Experimental

comparisons will not be adequate unless equipment responses are compared3 on the basis of identical inputs that accurately represent the conditions

to which the equipment will be subjected in actual operation.

I
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I SECTION 5

I ERROR DETECTING AND ERROR CORRECTING CODES

5.1 GENERAL

It is evident from the preceding discussion that error rates on

the order of 1 error in 105 can be achieved with typical equipment con-

I figurations. If slightly better performance is required, a judicious

choice of equipment and modulation scheme plus greater output power

Iwould probably suffice. However, if the performance must be increased

by several orders of magnitude, coding appears to be the only solution.

The possible improvements that can be achieved with coding will

be the subject of this section. Both error correcting and error de-

tecting codes will be considered; and it will be shown that error de-

tecting codes are far more promising, but are only useful over two-way

links.

Error detecting and error correcting codes are extremely sensi-

tive to the statistics of the errors. Only two types of errors will

[! be considered here:

1. Random errors caused by white noise interference (which might

occur over microwave links)

2. Burst errors caused by the impulse noise on telephone circuits.

However, a few general comxnents will be made concerning paths with

I combined statistics, such as might occur over tandem of radio and

telephone circuits.

5.2 RADOM ERRORS DUE TO WHITE NOISE

It has been well established that error correcting codes can

L greatly reduce the number of random errors that occur, However, in

this section, the validity of this conclusion when the following two

I constraints are placed upon the system will be examined:

5-1
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1. Constant data rate.

2. Constant power.

These constraints affect the analysis in the following manner. In

order to maintain the same data rate when additional (checking) bits

are added to the word, each bit must be reduced in time so that the

entire word with checking bits occupies the same time interval as the

original word. This, of course, reduces the signal energy per bit.

The constant power constraint prevents the use of more power in order

to return the signal energy per bit to the original value. The signif-

icance of the two constraints is that the coded word is transmitted

with the same power and in the same length of time as the uncoded word

by reducing the energy per bit. The justification for these constraints

is that systems should be compared by equating the significant para-

meters; in this case, the transmission time per word and the energy per

word. These are the significant parameters because the words of the

uncoded and coded messages contain the same amount of information rather

than the individual bits.

An analysis of error correcting codes under these constraints is

carried out in Appendix A. Although a completely general solution is

not obtained, the results are very significant. An example is worked

out using the bit error probability curves for FSK envelope detection.

For this case, it is shown that there is little, if any, advantage to

be gained by the use of error correcting codes under these particular 3
constraints. These results are of general interest for more than just

FSK envelope detection because of the similarity in shape of bit error

rate curves for many different modulation schemes as derived in Appendix

B. Therefore, the usefulness of error correcting codes for any modula-

tion scheme under the assumptions and constraints of this section can

be questioned.

* In the example, the number of bits prior to encoding was chosen to
be 5. A larger number would result in more efficient codes and,
hence, better performance but would carry the penalty of additional
complexity.

5-2P

PHILCO WESTERN DEVELOPMENT LABORATORIES



I WDL-TR2017

The reason for the lack of effectiveness of error correcting codes

is quite clearly the strong dependence of the probability of error on

the signal energy per bit (E). It is seen from Fig. B-I that, for

typical situations, a reduction of E to half its original value willA increase the error rate more than a hundred-fold. Since many error

correcting codes require almost as many checking bits as information

bits, the value of E is often halved, and the poor results are under-

standable.

An error detection scheme might prove useful in this situation

-. because fewer checking bits are required and, therefore, E is not re-

duced as much as in error correcting schemes. However, knowledge that

an error has occurred somewhere in a word is of little help unless the

word can be retransmitted. in general, this implies that a return com-

munication link to the transmitter is required.

5.3 BURST ERRORS DUE TO IMPULSE NOISE

It has just been shown that error correcting codes perform poorly

against random noise (under given constraints) due to a strong depend-

ency of error rate on E. However, the dependence of error rate on E

is much smaller for errors occurring over telephone circuits which are

characterized by impulse-type noise. For example, Alexander, Gryb,

Land Nast (Ref. 5.1) have shown that a reduction in transmitted power
by 5 db will approximately double the error rate. By contrast, forI white noise interference, a reduction of 5 db would increase the error

rate by approximately 3 orders of magnitude. It would be expected,

j therefore, that the constant power, constant data rate constraints will
not appreciably affect the telephone circuits. Unfortunately, as will

be shown in the next paragraph, the burst nature of the errors consid-

terably reduces the effectiveness of error correction for telephone lines.
A considerable amount of data concerning the statistics of the

error bursts have been obtained by Alexander, Gryb, and Nast (Ref. 5.1).

I Using this data, they have shown that typical burst error correcting

I5-3
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codes can correct only a moderate number of errors. For example, they B
show that a typical code capable of correcting bursts up to length 20

will correct only 79 percent of the error bursts. Codes capable of B
correcting larger bursts would be more effective but also more costly.

On the other hand, error detecting codes can be quite effective.

For example, Fontaine and Gallager (Ref. 5.2) have shown, using typical

telephone error patterns, that the mean time between undetected error

can be reduced to several years through the use of moderate block sizes

(100-500 bits/block) and only a small amount (3%-11%) of checking bits.

Statistics for European links (with error rates of approximately 
10- )

published by Jones (Ref. 5.3) indicate that only l%-3%'of the blocks

need to be retransmitted due to detected errors.

The necessity for a return path for effective use of error detect-

ing codes presents a number of problems. Some of these problems, and

their suggested solutions, are considered by Reiffen, Schmidt and Yudkin

(Ref. 5.4), and by Metzer and Morgan (Ref. 5.5). 1
5.4 COMBINED LINKS

If a combination of telephone lines and radio links were used, the

errors would be a combination of burst and random errors. Error detect-

ing codes would probably be most effective but, due to the random errors,

many more repeats of blocks might be required. In this eventuality, a

little more redundancy in the form of extra-check bits would provide

single error correcting capability and might considerably reduce the

number of requests for repetition. i

5-4 1
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I1 APPENDIX A

.3 WORD ERROR PROBABILITIES

A.1 GENERAL

In this appendix we shall investigate word error probabilities in

a binary symmetric channel when all errors in the channel are mutually

independent. It differs from previous work in this area in that two

constraints are placed upon the system.!
The first of these is that a constant data rate must be maintained.

I That is, when parity check bits are added, each bit must occupy less

time so that the entire word occupies the same time as the original.

The second constraint is that the total energy needed to transmit the

word remains constant. That is, we are not allowed to increase the

transmitted power in order to compensate for the shorter time interval

of each bit.

j A. 2 CODING PARAMETERS

For this study, the Slepian group alphabets (Ref. A.A and A.2)

were used. These codes consist of words with n bits of which k are

information bits and n-k or r are parity check bits. It has been

shown that a code with r parity check bits can correct no more than2~r
- 1 error patterns. The Slepian codes are optimum in that they can,*

correct all of these errors. If B is the number of s-tuple error

patterns that a code can correct and

n

B - 2r -1 (A-l)

1.-
then the probability that a word is received in error and is corrected

* In the last analysis, all error correcting codes may be reduced to
V a Slepian equivalent. For example, the Bose-Chaudhuri (9,5), (13,5),

and (15,5) codes are the first -single, double, and triple error cor-
recting codes as are the Slepian (9,5), (13,5), and (15,5) codes
but the Slepian codes correct additional error patterns as well.

A-1
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Qn,k I B8p q  (A2)

where

p = probability that a single bit is in error.

q 1 -p -

Since the probability that a word is received correctly is q , the

probability that a word is still in error after reception and error

correction is given by

Pn
n,k n,k(A-3)

A.3 SIGNIFICANCE OF CONSTANT DATA RATE

It is well known that a word error probability may be reduced by

several orders of magnitude by using an error correcting code and re-

ducing the data rate. In general, Pnk is a monotonically decreasing |

function of r because of the increasing number of error patterns that

can be corrected.

It is evident, however, that for a particular value of k and P

the data rate may be reduced to an undesirable level.

If a constant data rate must be maintained, each bit must be re-

duced in time by an amount such that the coded word, k+r, has the same

duration as the original uncoded word. However, if the energy per bit

per one sided noise density, denoted by asis fixed initially at a the

new value is kI /n and, consequently, the shortening of the bit time
0

increases the bit error probability to p and the word error probability

prior to correction, P~n

* An example is provided by Slepian (Ref. A.I) If a 5-bit word with no
error correction is transmitted through a binary symmetric channel
with bit error probability p - 0.001, the word error probability is
P - 0.00449, whereas the addition of 5 parity check bits, with a
concomitant 50. reduction in the signalling rate, yields a symbol
error probability p = 0.000024.

A-2
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P 1 - qn (A-4)

We are aware, on the other hand, that the coding imposes constraints

on the bits, via linear dependence, so that errors show up as inconsist-

encies and may be corrected, reducing the word error rate to P.

n , '"
n-

Pn,k Pn Z BsP q U " Pn nk (A-5)

s-1

Efficient coding, at least under the constraints of this appendix,

takes place when the second effect outweighs the first.

A.4 METHOD

Normally, one would start by taking the equation Pn,k - Pn - Qn,k'

make the proper substitutions for the variables and find those values

I~ of r which minimize Pnk' Since r is a discrete variable, one may not

use the derivative of Pn,k to find the best values of r.

Given the values of ao and k and the modulation scheme T, the bit

error probability Pn that results from using r check bits may be deter-

Smined from

L Some typical functions, (for white noise interference) are derived

in Appendix B and are sumnnarized in Table A-l.

A-3
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TABLE A-i

BIT ERROR PROBABILITY EQUATIONS AND APPROXIMATIONS -
Hodu- Dfnn Eq ainApproximation
lation DeiigEuto

FS( Pkin0.5 e Pk 0.5 e

-2

PH and Jk(n) 2 dx -k 0.142e-095
BI-ORTHO'2

(2c)

0.x -0553mL

1o (21t) 2k~ e dz2.

2 Pk =0.2 e 0. 55a.>12.5

ORkHO Pk J L (2it)A e7)

1 e/2
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I while the coded bit error rate is

I -ka

I0I n 2 2n• (A-8)

and consequently

Ik
Pn " P (2Pk) (A-9)

I
Since qn - 1 - pn' the first term of Eq. (A-5) is

I ~~~J ] ,^.- k+r
Pn - pk)k+ (A-10)

Qnk is somewhat more complicated. The B in each term are of the
) k+r. is O,

form (C) ( ) where Csor a frction:

k+r. k+r-l + .k+r 2 k+r-2
Qn,k l)Pnq +1 n2( 2 )Pnqn

+ C(kr 3 kIr-3 k+r. k+r

33 nqn  . . .lr kkr)p  (A-li)

To date, no function relating the Bs, n, and k has been found.

For convenience, the B have been tabulated In Table A-2 for-

k 4, 5, 6 and 6<n<16.

I
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TABLE A-2

S-FOLD ERROR PATTERNS CORRECTED BY A SLEP IAN n,k CODE

ko4 Sol- 2 3 4 5 6 7 A
n~k

6 3 3p

7 7 2 1p2

8 8 7 2 1p2

9 9 22 14p2

10 10 39 14 6p2

11 11 55 61 104p3

12* 12 66 144 33743

13* 13 78 246 173 1 40p3

14* 14 91 364 511 42 1 490p4

*4
15 15 105 455 993 475 4 372p4

16 16 120 560 15,82 1680 134 3 236p4

k-5 n S-1 2 3 4 57'

7 3 4p -

8 7 2 1p2

9 9 6 30p 2

10 10 21 24p 2

11* 11 46 6 9p 2

12* 12 63 52 3p2

13* 13 78 152 12 134p

14* 14 91 294 112 70p 3

15 15 105 455 420 28 945p4

** 4
16 16 120 560 1351 4 69p

*See Ref. A.2

**See Ref. A.3 6
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TABLE A-2 (CONT'D.)

I k6 n Sl 2 3 An k

1 8 3 5p

9 7 2p

1 10 10 5 40p2

11 11 20 35p2I *

12 12 50 1 16p 2

j 13 13 72 42 6p2

14* 14 91 150 214p3

* See Ref. A,2

For example, using Eq. (A-11) and Table A-2, we have

0 loq9 p+ 39q
8p2 + l4q7p 3

[I because the code corrects 10 of the 10 single, 39 of the 45 double, and

14 of the 120 triple errors. Since the probability that the symbol con-
10, 5 eoe

tains no error is q Equation (A-5) becomes

P -
10,4" Pn Q10,4

1 1 - q10 . lOq9p . 39q 8p2  14q 7p3

2 8 3 7 10
= 6p2(1 p),+ 106p3 (1 - p) + ... + p

6p 2+64p 3 + + p1

A-7
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Furthermore, 6p2 is defined to be An,k, which is an approximation
of P when the bit error probability, p, is very small. This will

n, k
be discussed in more detail later.

A.5 NUMERICAL INVESTIGATION OF THE n,5 CODES USING FSK I
Since it was apparent that no general formula could be set down

that would include all the variables, it was decided to choose the

parameters for a system and work it through as an example.

Binary frequency-shift keying was chosen as a modulation scheme

so that the channel transition probability is given by~ii

n T1e (A48)

The values of mo chosen were 10, 15, and 25.

The word with 5 information bits was chosen because it is a good

choice for the transmission of English text and is a good vehicle for I
PCM.

The above parameters were inserted in Equation (A-5) and the

resultant values of P are presented in Table A-3 and plotted -

in Fig. A-1.

It is quite unexpected that the shape of the curves and the rela-

tive position of the codes should change so drastically as we vary a..

We see from the figure that no form of encoding (up to 11 parity check J
bits) yields a P less than the uncoded word for mo 1 10 or 15.

Computation shows that there is a breakeven point at ao - 17.8;

i.e., below this value, no coding is best and above this value the

(9,5) code has the advantage. I

.-8 J
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TABLE A-3 [

P 5 as a Function of n and m for PSK Modulation

nk r °mb a10* m = 15** ° 25*** [
5,5 0 1.7 x 10 2  1.3 x 10 3  9.0 X 10

6,5 1 3.4 x 10 2  4.5 x 10- 3  6.6 x 10 5

7,5 2 5.8 , 10 2  9.9 x 10 . 3  2.6 x 0 4

8,5 3 3.2 x 10- 2 3.8 x 10- 3  8.6 x 10- 5

9,5 4 2.1 x i02  1.5 x 10" x i0 6 0

10,5 5 3.4 x 10 2  3.6 x 10 3  2.5 x 10- 5

11,5 6 2.9 x 10 2  2.9 x 10- 3  2.8 x 10- 5

12,5 7 3.5 x 10- 2  2.7 x 10- 3  2.5 x 10- 5 "

13,5 8 3.7 x 10- 2  2.6 x 10- 3  9.8 x. 10- 6

14,5 9 3.6 x 10 - 2 2.8 x 10 3  1.2 x 10-5

15,5 10 3.4 x i02 1.8 x 10 - 3  8.0 x 106

16,5 11 2.9 x 10-2  2.4 x 10 3  4.7 x 10- 6

* p 5 = 3.35 x 10 - 3

** p5 = 2.7 x 10 -4

*** pt = 1.8: x 10 - 6

Surprisingly enough, at a = 25, the (16,5) code is better than

the (9,5) code. That is, 11 parity checks are slightly better than 4. 1
It is interesting to look at Slepian's example (see footnote, p.L- 2 )

under this new regime. A bit error probability of 10 can be achieved I
with an co = 12.5. Encoding into a 10,5 code increases pn to 0.022 and

Pnk = 0.009. This is approximately 375 times the value of 0.000024

one obtains by halving the data rate.

A-10 1
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It is natural to enquire how P,5 behaves as r increases for some

a 0' It has been shown (Ref. A.4) that the fraction of the possible

errors that a code can correct depends only on the number of informa-

tion bits and is 2
"k . However, as the number of parity checks increases,

so does the absolute number of error patterns that can occur,

I In the expression for Pn,k these error patterns must be weighted

by their probability of occurrence. However, the probability of occur-

I rence depends on the bit error probability andas we see from the curves

of Appendix B, Pk is driven to unity for fixed a. and increasing redund-3 ancy. Consequently, all the curves of Pig. A-1 eventually turn up and

Pnk approaches unity as r increases (albeit in a badly behaved fashion).

1 For the sake of example, let us take the Bose-Chaudhuri (36,5) code

(Ref. A.5) which corrects all errors up to and including 6-fold errors.

Let us assume that the analogous Slepian code corrects no 7-fold or

higher error patterns.

S1 s (A-12)

For

% =25, p =  e , 0. 088.

r We may approximate P36 by a normal distribution with parameters

pL np (3)(.88-.6

2y n npq - [36) (0.088) (0.912)] 2.89

iW-li
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2I
p36,5 " fe

....~( ...) exp (x'3;168) 2.7 dx (A-13)

1 ;t

_00 22

36 ]e exp(- - ) dt U 0.025 (A-14)
n~k -6

t-1.96 i

This Pn~ 0.025 must be contrasted with a word error rate of !

approximately 9 x 10 which we could have obtained by sending an un-

coded word of 6 bits at mo 25.

A.6 APPROXIMATIONS

Although we cannot solve our initial problem analytically with any

degree of sophistication, we find that we are in a position to set down

a reasonably easy method of approximation. For small values of p(p<lO 3)

we may approximate P fairly closely by functions of the form R(p)
n,k

which are tabulated in Table A-2 as A These approximations are

derived from the binomial coefficients as follows.

Let C1 be the first coefficient that is not unity. Then Pnk may

be written

n
~nk~ (1-C) (k r)s qk+r-s (-5

sx

A-12 jI
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if the substitution q = 1 - p is made, the expression expanded,
and terms collected, P may be written

R2s t R3Pe+2 k+r

II Pn,k = RIPS +R +R + '" RnP (A-16)

where the Ri are constants. The R (p)5 term in equation n is the

largest term and is defined to be A n,k  The rest are neglected because

of their rapidly decreasing magnitude.

An upper bound to the error introduced by neglecting higher terms

.3 in p may be found (Ref. A-;6) by letting x + 1- a (k~r). Then

k~r k~-d (k+r) .1,(14.) (k+r)

p qk ~i< (I Z(.&
s=-(k~r)

providing X > p.

If we are given mo and k, one may evaluate An,k for as many r as

'I desired and choose among them in order to achieve or better any desired

symbol error probability. For example, suppose we are given o 0 30,

k 6. We find the A are
n , 6

(6,6) 9.0 x 10
7  (11,6) 5.9 x 10

7

(8,6) 3.2 x 10-  (12,6) 1.1 x 106

(9,6) 5.2 x 10 (13,6) 2.6 x 108

(10,6) 1.4 x 10 7  (14,6) 1.1 x 10-

-6
If our design value had been P k 10"6 we would most likely choose

n,k
to do no encoding. It had been 10 , we find that although the (13,6)

is the only code that provides the desired performance, the P for

the (10,6) code is close enough that there might be merit in reconsider-

ation of the design value.

A-13
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A.7 CONCLUSIONS

The following observations are made:

1. At moderate values of a the reduction in the symbol error

probability gained by encoding is unimpressive if it exists

at all.

2. If a large value of m is available initially and the ratio

Pk,k/Pn,k is impressive, it must be remembered that there will

be a set of r parity equations that must be solved to correct

the errors. If the code corrects any s-tuple errors, this set

of equations must be iterated s times. Consequently, the price j
of improvement in the word error probability is related to the

price of the equipment to perform the error correction,-TI

3. A glance at Fig. A-1 shows that it is never profitable to add

less than 3 parity check bits to a symbol containing 5 inform-

ation bits. Comparable figures for other codes are never less

than 3 for 4 information bits and never less than 5 for 6 in-

formation bits. One might be tempted to speculate on the

existence of a rule "never less than k-1 parity checks," but

this reasoning is fallaciousas a glance at Fontaine and

Peterson (Ref. A.2) will show.

.1
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APPENDIX B

ERROR PROBABILITIES IN A BINARY CHANNEL

B.1 ASSUMPTIONS, DEFINITIONS AND RESULTS

We are concerned with sending a random sequence of l's and O's,

each bit of which is allotted T seconds. The probabilities of l's

and O's are equal to 1/2 and it is assumed that these is no inter-

symbol influence. The autocorrelation of such a sequence, now con-

sidered as l's and -l's, is

6aa () I

=0 l-I > T (B-l)

£ The corresponding spectrum is the Fourier transform of the autocorrela-

tion

S2(f)-T 2 (B-2)
(nfT)

which has its first zeros at ulfiIT n or Il I/T. We will assume1

that the video bandwidth is B = Note that this is the Nyquist

bandwidth for the given bit rate.

The assumption of B is the minimum possible value for B; if
2T

a larger value of B is used, the corresponding value of m = E/N0 will

be increased for a specified bit error probability since

E ST S

=Ii 2 N- 
=  (2BT) - = (2BT) p (B-3)

j and for all systems, except the matched-filter systems, the bit error

probability is a function of p.

.L B-1

PNN T
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For example, Fig. B-i shows, for phase modulation, a - 6.93 for

p- 10 when B - . If B'- 2B - 1/T and p is held constant, m 13.86

for p - 10
4.

On the other hand, the curves for the matched-filter orthogonal and

bi-orthogonal systems are independent of bandwidth.

The receiver is assumed to sample the output of the detector at

some instant during the bit time. The effect of bandwidth on the signal

rise time has been ignored.

For the matched-filter systems, discussed in Paragraphs B.5 and B,6, j
it has been assumed that the integrator is sampled at the end of the

bit interval. The method and power to achieve this timing has been

ignored.

The signal power will be assumed constant over each bit interval

and its long-time average value will be S.

White Gaussian noise having a spectral density

N
0WN(f) - - < f < (B-4)

will be assumed.

The noise power is N.

The signal-to-noise power ratio at the receiver input is. i

The ratio of signal energy to the noise spectral density will be

denoted by

E .2E E '-2 a, N N
-- N or a =j1 " (B-5)

o/2 o o

B-2
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I BAN~w IS IsBIT RATE

froR PM. AM SYN. AM ENV,

ANDi FSK; IN THESE9 CASES

j ~ ~10- --

l0

ii I-P AAND

FSK\

I AM
SYN -AM

:1 0 15ENVj

0 0 s 20 as 30 35
a LIN m

Fig. B-1 Bit Errbr Probab ility vs a, Signal Energy/Bit/One-
Sided Noise Spec-tral Density

B- 3
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It is assumed that by the end of each bit interval, the receiver

is forced to make the decision whether a 1 or a 0 was transmitted. The

decision may be correct or there may occur a Type I error -- deciding I
that a 1 was sent when in fact a 0 was sent -- or a Type II error de-

ciding that a 0 was sent when in fact a 1 was sent.

The probability of a Type I or a Type II error will be denoted as -

P and P respectively. Since l's and O's are sent with equal prob-
I II

ability, the probability of error is

1 1

P P + I P "  (B-6) I

If P, I P11 " P, the subscripts may be omitted The probability of a

correct decision is 1-P.

In all cases, the threshold will be selected to give the minimum J
total probability of error. Except for envelope detection of on-off

AM, where the optimum threshold is a function of the parameter m, the j
optimum threshold is midway between the means of the two signal condi-

tions.

The results of the paper in the form of curves of Bit Error Prob-

ability for the various systems vs (x are summarized in Fig. B-1

(. linear) and Fig. B-2 (a db
.

B.2 DOUBLE-SIDEBAND AMPLITUDE MODULATION

In this section, envelope (noncoherent) detection and synchronous

(coherent) detection are considered. The probabilities of error are

calculated on the assumption that the audio output of the detector is

sampled near the end of the bit interval.

Let the data be a(t) - + 1 where a(t) is constant in each bit

interval. Let w be the carrier frequency. Then the double-side-band

signal is J
B-4 1
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Fig. B-2 Bit Error Probability vs. (X, Signal Energy/Bit/One-

I Sided Noise Spectral Density
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s(t) = A 1 + ma(t)] sin coct. (B-7)

In the case of envelope (noncoherent) detection In < 1. For m t 1, the -

process may be called on-off keying.

Following a bandpass filter of width 2B centered at fc' the noise

power is

N -2B N. 18

The average signal power is

s A 1 + 1

2A 2 2- (1+ +2m+m+ 1- 2m+m 2)

A2

A2  2
(l + in) (B-9)

Thus,

( A2 I+x2 A T(l+ 2 STB
N 2 2111 2N N (B-10)

0 0 0 "1

and

E STN 7- If (Pl

0 0

The noise voltage may be written -\

n(t) - x(t) sin awt + y(t) cos co Ct

where x(t) and y(t) have no frequency components above B cycles/sec

and

E E~t -E -r(tr - E Lnzt - N (B-12)

1-6 W
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Suppose that envelope detection ip used and let, R(t) be the envelope.

Then, when a 1 is sent,

R(t) - (l+m) + x(t)] 2 + y2(t) }

Since x and y are independent and normally distributed with means zero

and variances N (following Bennett, Ref. B.1)

I pl(R) - R I A(+m)R exp [R2 + A2(l+m) (B-14)

n I° is the modified Besselfunction of the first kind of zero order:N0

I 4 n(n)2B-5)

Following Rice, (Ref. B.2)

iwhere E(R) x(2N) r () 1F1  1; - N (B-16)

1C 1 ; -x) - e 2 + X) oI( + x YI(N)

and

E(R2) - 2(1+)2 + 2N. (B-17)

Further, when a 0 is sent,

R R(t) ([A(l-m) + x(t)] 2+ y ) (B-l)

B-7
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and R- 2 2 ])
po(R) R Io exp [R + A2(Iwm) (B-19)

Then, for envelope detection followed by sampling with a threshold

Q, we have, for error probabilities,

P po(R) dRl (B-20)

Q .
and

P Pl(R ) dR (B-21) 1

giving

- po(R) dR + f pl(R) dR - P(mqp) (B-22)

Q 0

The formal procedure would require I

and0 and I- 0

resulting in a curve of P as a function of p alone for optimum choice

of m and Q.

While it is not completely clear that m = 1 is the best choice, I
it has been used by several authors including Bennett who solves for

Q as a function of p and finds that Q varies from 0.52 to 0.57 of the j
signal envelope 2A. His independent variable is the ratio of the mean

signal power in the "on" state to the mean noise power which is 2p or o
2m. The results of Bennett's computations are given in Table B-1.

B-8 1
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TABLE B-i

BIT ERROR FOR ENVELOPE DETECTION OF ON-OFF CW

P a.P
(Probability of (db)-

error) -

10-2 8.3 6.78

10~ 10.6 11.55

I 0O4 11.9 15.50

10~ 13.1 20.40

10I 13.9 24.50

10 7-O 14.8 30.10

IThe values in Table I are in fair agreement with those of Montgomery
(Ref. B.3) who uses a threshold of 0.5 and whose R is expressed in terms

j of peak signal power.

3 Equation (B-7) gives the double-sideband signal as

s(t) - A [l + ma(t)] sin ac t (B-7)

In a coherent detector, the incoming signal is multiplied by a locally

generated wave

1 v(t) -2C sin (co t + g~.(B-23)

1.. The incoming wave is

1s(t) + n(t) -A [El + m a(t)] sin c t

+ n (t) sin c + n 2(t W oc t (B-24)

B-9
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Then the output of the multiplier is

z(t) -r 2A C 11+ ma(t] sin c ct s in (ct+6t +

+ 2Cn (t) sin w sin (w t + ) I

+ 2Cn 2(t) cos W ct sin (w ct + 6)(B&25)

z(t) - A C 1+ m a(t )] [cos -cog (2w~t +6) A

+Cn1(t) Fcos 6 - coS (2co t +6)

+ Cn2(t) [sin (2wmt + 6) + sin 6] (B-26)

This signal, z(t), is then passed through a low-pass filter to eliminate

the components at 2wc giving J

W(t) - AC E1 m a(t)], cos 6+ Cn (t> cos 6

+ Cn2(t) sin 6. (B-27)

Now a(t) =±1

nI(t) and n2(t) are independently normally distributed with

means zero and variances N.

Thus

E [W(t)] -Ac El +m a(tjJ Cos. (B"28)1

B-10 -
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and the variance of W(t), given that the signal and noise are uncor-

related, is

y2 C 2N coos 4+ C2N sin 24 CN. (B-29)

Suppose that a threshold Q is set at

IQ A AC cos (B-30)

the probability of a Type I error, i.e., deciding that a(t) - +1

when it is in fact -1 is

C C(l-m)cos iB31
Q-AC cos 2O

I Let

j W -ACGl-M) Cos

dx dW

When W AC coo AC mcoo~ A Amcog

Then

exp ( -)dx. (B-32)

I But the system is symmetrical and,therefore.

1 B-11

IPHILCO WESTERN DEVELOPMENT LABORATORIES



WDL-TR2017

For this system, Equations (B-10) and (B-Il) give

P A and 

2 N

&2 2 (B-33)N (l~m2) (14m2)

N]Im
and

1 exp dx (B-34)

Jm/ I~2
•m Cos j

For on-off keying m-i1 and it is obvious that should be held as

close to zero as possible. If m- 1 and -0

- , 22 dL . (B-35) I
II1'

Equation (B-35) is evaluated in Table B-2.

TABLE B-2

BIT ERROR FOR SYNCHRONOUS DETECTION OF ON-OFF CW

Probability of - (db) ci

error (b

I0" 1.28 2.15 1.64 ,

102 2.33 7.34 5.44

10 ~ 3.10 9.84 9.60

10~ 3.72 11.42 13.85

106 4.76 13.59 22.65

10 "7  5.20 14.32 27.05

B-12
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B.3 PHASE MODULATION

A one is sent as A sin wt and a zero as A sin (at + s)I 2
m-A sin cut. The signal power is A 12 and

j A2 (B-3,6)
2N

Again B -r and N -2BN; therefore,

EL ST SL i S

N . N0  21N, N

Let the incoming signal when a one is sent be

A AsinatZ+ n (t) sin a1± + n (t) cod C~t (B-37)

and let the receiver multiply by 2 sin (at + 6). Then the multiplier

output is

x(t)-2A sinmt sin(ut +)+ 2n1  sin o~tsin(azt+)

j ll + 2n 2 cos uZ sin(wt + )

-A [&s -cos (2cut +

+ n I[cos j cos (2ax +~

+ n 2 [sin 0 - sin (2a0± + )] (B-38)

If this is passed through a low-pass filter to remove the components

I at twice the carrier frequency, there results

y(t) -Acos + n coo + nsin. (B-39)

L B-13
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Then y is normally distributed with mean A cos and variance

a 2 E(n12) o 2 + E(n2 ) sin 2  -N (B-40)

Since transmission of a zero gives a mean of -A coo 6, the threshold

can be set at zero.

Then a Type I error occurs when -A coo + n1 cos + n2 sin e> 0
or

PIexp . (z + A coo) dz (B-41)

0 12-
z + A cosLet z' -

dz' =

when z - 0 z' A cos .

therefore,

PI j - exp (- dz dz' (B-42)

A cos-6

Due to symmetry of this system

PII -PI andtherefore,

p P I P (B-43) j

B-14
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From Equation (B-36) Ap . j

-va'F

P S1 exp (- x2dx. (B-44)

If it is possible to hold m0,

f1 1 2

j Equation (B-45) is evaluated in Table B-3.

TABLE B-3

BIT ERROR FOR SYNCHRONOUS DETECTION OF +900 PHASE MODULATION

IProbability of fa. mC
error (db) a

I0 10~ 1.28 -0.91 0.82

10'2 2.33 4.34 2.72

I 0"3 3.10 6.84 4.81

10~ 3.72 8.42 6.93

10" 4.26 9.61 9.09

106 4.76 10.58 11.33

1 0 ~ 5.20 11.32 13.52

B-15
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B .4 FREQUENCY-SHIFT KEYING, ENVELOPE DETECTION

At the transmitter, one of two different frequencies, fl and

f 2 (f2 " f1 > 2B), is transmitted. The received signal is passed

through two bandpass filters of width 2B centered at the frequencies

f1 and f2' The filter outputs are envelope detected and subtracted.

Their difference is compared to a zero threshold. I

Suppose fl corresponds to a one and the noise density (one-sided) J
is No; hence the noise power at the output of each filter is N - 2BN-.

0 0

Suppose a one is transmitted, then the amplitude, R, of the envel-

ope out of Filter 1 (signal plus noise) is distributed as

1) R I(-) [/ R1 + 
2)

p(R 1 ) 1- ( 2 2  (-46)

where the received signal is

S (t) - A cos(2 nflt + e). (B-47) j

Similarly the amplitude of the envelope out of Filter 2 (noise alone) -)
is distributed as I

R -

p(R) exp R (-48)

An error will result whenever .-
RI 1 R°0 < 0 -

or

R° > R (B-49)

B-16
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Hence

p1 p(R 1 [f p('R0 ) dRo] dR,

I
f 1  K #) exp - (I 2 +A 2 J

0

.edR dNR 1 (B-50)

Consider

*1f exp 20) dR "exp

- exp [2J (B-51)

Substituting Equation (B-51) in Equation (B-50)

Pa (0 exp E (2R 2 + A2] dR

4N oc0(N)2 1-2exp00 
"A 

A
2

Now let x =IiR and a =

.. N N

}B-17
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22 + A2 . 2 + 2  1
dR 1 -

P Exp J- 2-N' 1 [-Nex 2 ( +2] da (B-53) 1
0 ~

'therefore

p.1 exp A(B-54)

since I
x~( ) exp [~j(a + x dx- 1 (B-55) i

is the integral of a probability density over its full range.

The significant parameter in Equation (B-54) is :
LA2  2 S ST I
4N 2N T2N N N 0 2F I

Therefore,

P e~

A2  A
Of course, p- therefore - 2

Equation (B-54) is evaluated in Table B-4. 1

Bi-18
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TABLE B-4L MT ERROR FOR FSK DUAL-CHANNEL ENVELOPE DETECTION

Probability of-error Pi .M aP

103.22 5.06

107.83 8!. 95

1012.44 10.96

10 17.04 12.31

10- 21.64 13.37
l-626.22 14.20

10- 30 .80 14.88

B.5 ORTHOGONAL MATCHED-FILTER SYSTEMSi

When separate signals of duration T and energy E are used to

transmit ones and zeros, the system is orthogonal if

aJ (t) 1 (t) dt - 0. (B-56)

i 0

Suppose the receiver multiplies the incoming signal by stored replicas

Iof s 0(t) and s 1(t), integrates, and compares the integrator outputs at

time T; this is matched-filter reception.

Suppose a zero is transmitted; the output of the channel matched

to s (t) at time T will be

I y(T) P 1 a(t [s0(t) + n(t)] dt (B-57)

j while that of the channel matched to s (t) will be

yIT 0 1(t) [5o(t) + n(t)] d.(-8

1 0

B-19
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Since the signals and the noise are uncorrelated, the means will be I

E [y6(T)] -E 162( t) dt - E (B-59)

0

E [y1 T)] -0 (B'-60)

For the "zero" channel1

T T

[Y (T]- i E f d [o (t 1  .,. (o,1+,n,.0 0

o2(t) + So(t2)n(t2  + E N (B-61)

since *1
nl2 N

E [n(t )n(t - _2 5(t 1 - t 2 ). (B-62)

Therefore,

2 2 £2 E N o( - )
a E (T) E o( T  M - '(B-63)

For the "one" channel

T T

S[Y 1 ft f t2  Eo(tl)sl(tl) + sltl)n<tl)]

0 0 N

[o(t2)1 (t2) + Sl(t2)n(t2 J E - (B-64) I
Thus the output of the channel ma-tched to the signal is normallyN°

distributed with mean E and variance E 2 while the output of the i

orthogonal channel is normally distributed with mean 0 and variance
ENoE -. ]

B-20
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An error will occu~r if the output of the unmatched channel, yL

3exceeds that of the matched channel Y:
1 21~ ~ P~~m~.fexp N- (Y-)

-1 ex(~ 1 yu2) dyJ }dym (B-.65)

I in Equation (9-65), let

y -E

L then

- 2rexp( 2) ]d

1 12

LadLJixEexp(-y dy ud
yuO

adlettin-,

when u 20x+ E, z x+ 7I

1 0

h B"21
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I

-112121 1
P - 2 exp (- x - exp z (B-66)-~ T 2E ep(

Of course$

FE_(B4.7) 
1

This function was computed by Viterbi (Ref. J,4) as tabulated below

(Table B-5).

TABLE B-5

BIT ERROR RATE FOR MATCHED-FILTER RECEPTION OF ORTHOGONAL SIGNALS Ii
a.

Probability of error a (db) I

101 1.61 2.07

10.2 5.40 7.33

10 9.55 9.80

10 4  13.75 11.38

10.  17.95 12.50 1
106 22.15 13.48

10 26.35 14.20 1

B-22
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B.6 BI-ORTHOGONAL MATCHED FILTER SYSTEMS

When a signal of duration T and energy E and its inverse are

used to transmit ones and zeros, the system is bi-orthogonal. Matched-

Ii filter reception requires multiplication of the incoming signal by a

stored replica of the signal, integration, and sampling at time, T.

t L Suppose s(t) corresponds to a one. If a one is transmitted, the

integrator output at time T is] L
T

I[y(T) -f s(t) [(t) + n(tJ dt (9-68)

0

while if a zero is transmitted,

y(T) st [s(t) + '~t)] dt. (B-69)

0

As was shown ir. Equations (B-59) and (B-63), y(T) is normally distributedENO

with mean + E and variance EN0

An error will occur if the output of the integrator is of the

wrong sign:

0U

Sexp L 1E) (B-70)

Let

) (B-71)

1 2
I H8-23
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Then[i

1N O~ 1 exp (-- x dx

-2i

- '~exp(1 x)2 dx (B&72)1

Viterbi has also computed this case as tabulated below in Table B-6.

TABLE B-6 I
BIT ERROR FOR MATCHED-FILTER RECEPTION OF El-ORTHOGONAL SIGNALS

Probability of error (.I.
____ ___ ____ ___ ___ _ __ ___ ____ ___ ___(db)

101 0.82 -0.91 .
10-2 2.72 4.341

10~ 4.81 6.84

106.93 8.421

10~ 9.09 9.61

10O6 11.33 10.581

10~ 13.52 11.32 j

j3- 24
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